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Foreword

The field of asymptotics has evolved substantially in the last thirty years or so
and tools have been developed to extract exact solutions from formal expan-
sions. The literature on the subject is still relatively scattered and the bulk
of it is found in relatively specialized articles. The present book is intended
to provide a self-contained introduction to asymptotic analysis (with some
emphasis on tools needed in exponential asymptotics, and on applications
which are not part of usual asymptotics books, such as asymptotics of Taylor
coefficients), and to explain basic ideas, concepts and methods of generalized
Borel summability, transseries and exponential asymptotics. Transseries are
first introduced rather heuristically; a complete construction is provided in
the Appendix.

To provide a sense on how these latter methods are used in a systematic
way, general nonlinear ODEs are near a generic irregular singular point are
analyzed in detail. The analysis of difference equations, PDEs and other
types of problems, only supperficially touched upon in this book, while cer-
tainly providing a number of new challenges, is not radically different in spirit.
Mastering the basic techniques for ODEs should provide most of the necssary
background to give a smoother access to the many existing articles on other
types of problems.

The book assumes standard knowledge of Real and Complex Analysis. Most
chapters are suitable for use as a textbook for graduate or advanced under-
graduate students.

The book provides complete mathematical rigor, yet it is written so that
at a first reading many proofs can be omitted. The included exercises range
from simple to more advanced with hints provided at the end of the book.
The book has a brief glossary of terms, explaining some notions that might
not be part of a usual asymptotics book, and providing references for further
reading.






Chapter 1

Introduction

1.1 Expansions and approximations

Classical Asymptotic Analysis studies the limiting behavior of solutions
of mathematical problems, when singular points are approached. It shares
with analytic function theory the goal of providing a detailed description
of functions, and is distinguished from it by the fact that the main focus
is on singular behavior. Asymptotic expansions provide better and better
approximations as the special points are approached yet they rarely converge
to a solution.

Convergent expansions are simpler to understand and we start by looking
at a few simple ones to see their power and their limitations.

The local theory of analytic functions is largely a theory of convergent power
series. The expansion —In(1 — z) = Y2 2% /k provides a practical way to
calculate the log for small z. Likewise, to calculate 2! := I'(1+z) = [~ e~ "t*dt
for small z we can use

© Kk ok %)
InT(142)=—vz+ Z %, (lz] < 1), ¢(k):= Zj‘k (1.1)
k=2

j=1

and v = 0.5772.. is the Euler constant. Thus, for small z we have
(14 2) = exp(—yz + 7%22/12--)

M
— exp(—yz+ 3 (DR (L + O (L.2)
k=2

where, as usual, f = O(27) means that |277 f| < const if z is small.
Exercise 1.3 Prove formula (1.1); find a bound for “const” when |z| < 1/2.

Near z = 0 we have a similar convergent expansion of I'(z), though now
describing a singular function

M
I(z) =T(1+42)/z =2z 'exp(yz+ Z E~H=Dk¢(R) 21+ O0(2MT) (1.4)
k=2

11
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This is a perfectly useful way of calculating I'(z) for small z.
Now let us look at a function near an essential singularity, e.g. e~'/# near
z = 0. It has a convergent Laurent expansion

ey CV (1.5)

jlz
=0 7

Eq. (1.5) is fundamentally distinct from the first examples. This can be seen
by trying to calculate the function from its expansion for say, z = 10710:
(1.1) provides the desired value very quickly, while (1.5) is virtually unusable.
Mathematically, we see that error bounds as in (1.1) and (1.4) do not hold
for (1.5). On the contrary, we have

M

1)z 1 _

et/ —E ﬁ>>z M as 2z — 0 (1.6)
Jj=0

where > means much larger than. Consequently, (1.5), though convergent, is
antiasymptotic: the terms of the expansion get larger and larger as z — 0.
The exponential needs to be calculated in a different way, and there are cer-
tainly many good ways. Surprisingly perhaps, it is the exponential, together
with related functions such as log, sinz (and powers, since we prefer the no-
tation o to €™?) are the only ones that we need in order to represent many
complicated functions, asymptotically. This fact has been noted already by
Hardy, who wrote [12] “No function has yet presented itself in analysis the
laws of whose increase, in so far as they can be stated at all, cannot be stated,
so to say, in logarithmico-exponential terms”. This reflects some important
fact about the relation between asymptotic expansions and functions which
will be clarified in Chapter 3.

If we need to calculate I'(z) as © — +o0, the Taylor about a given point,
say 1, would not work, since the radius of convergence is 1. Instead we have
Stirling’s series,

In(I'(x))
1 M
=(x—-1/2)lnz —x+ 5 In(27) + chas72j+1 +0@z?M1), 2 — 400
j=1

(1.7)

where 2j(2j — 1)c; = Byj and {By;y, ., = {1/6,—1/30,1/42...} are Bernoulli
numbers. This expansion is asymptotic as * — 00: successive terms get
smaller and smaller. Yet, —z + 5 In(27) + 372 ¢;jz~ >~ cannot converge to
In(T'(x)) — (x — 1/2) Inz since In(T'(z)) is singular at all n € —N (why is this
relevant?). In fact, S has zero radius of convergence. Nonetheless, truncating
the expansion to 27, we get I'(6) ~ 120.00000086 while I'(6) = 120.
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Unlike asymptotic expansions, convergent but antiasymptotic expansions
do not contain manifest, detailed information. Of course, this is not meant
to understate the value of convergent representations, nor to advocate for
uncontrolled approximations.

1.1a Asymptotic expansions

An asymptotic expansion of a function f at a point tg, usually dependent
on the direction along which tq is approached, is a formal series' of simpler
functions fy,

F=Y_fult) (1.8)
k=0

in which each successive term is much smaller than its predecessors. For
instance if the limiting point is ¢y approached from above along the real line
this requirement is written

frnr(t) = o(fi(#)) or  frra(t) < fult) (1.9)
meaning
T fin(8)/fe(®) =0 (1.10)

We will often use the variable x when the limiting point is +0o and z when
the limiting point is zero.

1.1b  Functions asymptotic to an expansion, in the sense of
Poincaré

The relation f ~ f between an actual function and a formal expansion is
defined as a sequence of limits:

Definition 1.11 A function f is asymptotic to the formal series f ast — td

if

N

FO) = fult) = £(8) = fN(8) = o(fn (1)) (VN €N) (1.12)

k=0

1That is, there are no convergence requirements. More precisely, formal series are sequences
of functions {fk}keNu{O}’ written as infinite sums, with the operations defined as for rep-
resented convergent series; see also §1.1c .
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We note that condition (1.12) can then be also written in a number of equiv-
alent ways, and this is useful in applications. We have the following simple
result.

Proposition 1.13 If f = Yoo fr(t) is an asymptotic series as t — t&
and f is a function asymptotic to it, then the following characterizations are
equivalent to each other and to (1.10). (i)

F(O) =Y fult) = O(fn+1(t)) (YN €N) (1.14)
where g(t) = O(h(t)) means lim SUp;_ .+ lg(®)/h(t)] < 0.
(i)
N

Z = fxar(1+0(1)) (VN € N) (1.15)

(i4i) There is a function a : N — N such that a(N) > N and

) =Y fult) = O(fx11(t) (VN €N) (1.16)

This condition seems strictly weaker, but it is not. It allows us to use less
accurate estimates of remainders, provided we can do so to all orders.

PROOF We only show (iii), the others being immediate. Let N € N. We

have
1 N
o (70 - 2 )
. a()
a7
= F® Z fr(®) J %1 fN+1 o(1) (117

since in the last sum in (1.17) N, and thus the number of terms, is fixed, and
thus the sum converges to 1 as t — tg'.

Simple examples of asymptotic expansions are

) 2’3 (_1)n+122n+1
Slnz~z—g+...+w+... (|z] — 0) (1.18)
3 (_1)n+122n+1

f(z):sinz—l—e_%wz—z——i—...—i— +(z—=0%)  (1.19)

6 (2n+1)!
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1/2 t o0
—1/z € k+1 +
e —dt ~ klz z—0 1.20
/G >t (o0 0) (1.20)

The series on the right side of (1.18) converges to sin z for any z € C and it
is asymptotic to it for small |z|. The series in the second example converges for
any z € C but not to f. In the third example the series is nowhere convergent,
in short it is a divergent series, and it can be obtained by repeated integration
by parts:

x _t x x t
/e—dt:e——e—k/ <t
1 t X 1 t
T

et et 2" (n—1)le” Toet
::;4—?—'_?4—_‘—%7"4_0”_‘_”'/1 tn+1dt (1.21)

with Cy, = —e -7 j!. For the last term we have

=

xn-{-l
(by L’Hospital) and (1.20) follows.

Note 1.23 The constant C,, cannot be included in (1.20) using the definition
(1.12), since it is smaller than x=Ne® for any N and C,, and its contribution
vanishes in any of the limits implicit in (1.12).

By a similar calculation,

T et = et e 2" nle®
= —dt~e"fo=—+—=+—++——=+--- asx — +oo (1.24
o= [ Sameh= S G 20 (1.24)
and now, unlike the case of (1.18) versus (1.19) there is no obvious function
to prefer, insofar as asymptoticity goes, on the left side of the expansion.
Stirling’s formula (1.7) is another example of a divergent asymptotic ex-
pansion.

Remark 1.25 Asymptotic expansions cannot be added, in general. Other-
wise, since on the one hand f1 — fo = ff dse®/s = 3.0591..., and on the other
hand both f1 and fs are asymptotic to the same expansion, it would follow that
3.0591... ~ 0. This is one reason for considering, for restricted erpansions, a
weaker asymptoticity condition, see §1.1c .

Examples of expansions that are not asymptotic are (1.5) for small z or

Z R +e™® (z— +o0) (1.26)
k=0



16 Asymptotics and Borel summability

(because of the exponential term, this is not an ordered simple series satisfying
(1.9)). Note however expansion (1.26), does satisfies all requirements in the
left half plane, if we write e™ in the first position.

Remark 1.27 Sometimes we encounter expansions for large x of the form
sinz(l + a/x + b/x?® + ---) which, while very useful, have to be understood
differently and we will discuss this question later. They are not asymptotic
expansions in the sense above, since sin can vanish. Usually the approximation
itself fails near to zeros of the sin.

1.1c Asymptotic power series

A special role is played by power series which are series of the form

S = chzk, z— 0t (1.28)
k=0
With the transformation z =t —ty (or z = x71) the series can be centered at
to (or +oo, respectively).

Definition 1.29 (Asymptotic power series) A function possesses an asymp-
totic power series as z — 0 if

f(z) — chzk =0T (YN EN) asz—0 (1.30)
k=0

Remark 1.31 An asymptotic series is not an asymptotic expansion in the
sense of Definition1.11 and (1.30) is not a special case of (1.14) unless all c,
are nonzero.

The asymptotic power series at zero in R of e=Y/=" s the zero series. It is
22

however not true that the asymptotic expansion of e~ /*" is zero.

1.2 Operations with asymptotic power series

Addition and multiplication of asymptotic power series are defined as in
the convergent case:

oo

A i k2 + B i dpz* = Z(Ack + Bdy)2"
k=0 k=0

k=0

[eS) [eS) [eS) k
(chzk> (dezk> = chdk_j 2k
k=0 k=0 §=0

k=0
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Remark 1.32 If the series f is convergent and f is its sum f = Yoo crz® (note
the ambiguity of the sum notation), then f ~ f.

The proof follows directly from the definition of convergence.
The proof of the following lemma is immediate:

Lemma 1.33 (Algebraic properties of asymptoticity to a power series)
Iff~f= Z;ozo ez and g~ § = Z;C:o diz* then
(i) Af + Bg ~ Af + Bj
(i) fg~ f§
Corollary 1.34 (Uniqueness of the asymptotic series to a function)
If f(2) ~ Yo ckz® as z — 0 then the ¢ are unique.

PROOF Indeed, if f ~ > 77 cxz” and f ~ 332, di2”, then, by Lemma 1.33
we have 0 ~ Y72 (cp — dy)z"* which implies, inductively, that c; = dj for all

k. I

Algebraic operations with asymptotic serles are limited too, division of
asymptotic series is not always possible. e ~1/2* 0 in R while 1 / exp(—1/22)
has no asymptotic series at zero.

1.2 .1 Integration and differentiation of asymptotic power series.

Asymptotic relations can be integrated termwise as Proposition 1.35 below
shows.

Proposition 1.35 Assume f is integrable near z = 0 and that

F) ~ f2) =) e
k=0

Then
+1
CkZ
[, s~ [ 7=
= E+1
PROOF  This follows from the fact that [ o(s")ds = o(z"*!) as it can
be seen by immediate estimates. I

Differentiation is a different issue. Many simple examples show that as sy mp-
totic series cannot be freely differentiated. For instance e~/ @® ginel/s" ~ 0
as x — 0 on R, but the derivative is unbounded.

Asymptotic power series of analytic functions can be differentiated if they
hold in a region which is not too rapidly shrinking. Such a region is often a
sector or strip in C, but can be allowed to be more general.
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1.2 .2 Asymptotics in regions in C

Proposition 1.36 Let M > 0 and assume f(x) is analytic in the region
S, ={z:|z| > R,|S(2)| < a|R(z)|" M}, and

o0
f(xz) ~ chx_k as |x] — oo
k=0

in any subregion of the form Sy with a’ < a.
Then

o0
fl(@) ~ Y (—kep)z !
k=0
as |x| — oo in any subregion of the form Sy with o’ < a.

PROOF  Here, Proposition 1.13 will come in handy. Let N > M + 2.
By the analyticity and asymptoticity assumptions, there is some constant C'
so that |f(z) — ij:o ek F < Clz|™N in Sy (¢’ < a) (why?). Let a” < a
and take a circle of radius (a’ — a”)/2|z|™™ around x € S,». This circle is
contained in Sy if x is large enough (why?).

1 -2 / a -
mjg(s—z) (f(s)—chs k)ds

k=0
4Cc _
< g™l 0)

N
Fl@) = (=kep)z 1 =

k=0

and the result follows. I

Exercise 1.38 Consider the following integral related to the error function

z
F(z)= 6272/ s72e7 " ds
0

It is clear that the integral converges at the origin, if the origin is approached
through real values (see also the change of variable below); thus we We define
the integral to z € C as being taken on a curve v with 7/(0) > 0, and extend
F by F(0) = 0. The resulting function is analytic in C \ 0, see Exercise 3.8
below.

What about the behavior at z = 0?7 It depends on the direction in which 0
is approached! Substituting z = 1/ and s = 1/t we get

E(z) = e’”2/ e dt = gexzerfc(x) (1.39)
x

Check that if f(z) is continuous on [0,1] and differentiable on (0,1) and
f'(x) = L as x | 0, then f is differentiable to the right at zero and this
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derivative equals L. Use this fact, Proposition 1.36 and induction to show
that the Taylor series at 07 of F(z) is indeed given by (3.7).

1.2a Concrete functions and unique expansions

Prompted by the need to eliminate apparent paradoxes, mathematics was
formulated in a precise language with a well defined set of axioms, first by
Zermelo [43], [41] within set theory. In this language, a function is defined
as a set of ordered pairs (z,y) ? such that for every x there is only one pair
with x as the first element. All this can be written precisely and it is certainly
foundationally satisfactory, since it uses arguably more primitive objects: sets.

A tiny subset of these general functions can arise as unique solutions to well
defined problems, however. Indeed, on the one hand it is known that there is
no specific way to distinguish two arbitrary functions based on their intrinsic
properties alone3. On the other hand, a function which is known to be the
unique solution to a specific function can a fortiori be distinguished from any
other function.

Then most functions just exist in an unknowable realm, and only their col-
lective presence has mathematical consequences. We can usefully restrict the
study of functions to those which do arise in specific problems, and hope that
they have, in general, better properties than arbitrary ones. For instance,
solutions of specific equations, such as systems of linear or nonlinear ODEs
or difference equations with meromorphic coefficients, near a regular or sin-
gular point, can be described completely in terms of their behavior at such
a point (more precisely, they are completely described by their transseries, a
generalization of series described later).

*

Convegent expansions have been in use for a very long time, as a convenient
calculational tool. The error resulting from keeping only a finite number of
terms can be made, in principle, as small as we want.

Factorially divergent asymptotic series came later; they were already in use
for very precise astronomical calculations calculations at the turn of the 19th
century 4. As the variable, say 1/x, becomes small, the first few terms of
the expansion should provide a good approximation of the function. Taking
for instance x = 100 and 5 terms in the asymptotic expansion we get the
approximation 2.715552711 - 10*! for both f;(100) = 2.715552745... - 104!
and f2(100) = f1(100) —3.05911 - - - . However, in using divergent series, there
is a threshold in the accuracy of approximation, as it can be seen by comparing
(1.20) and (1.24).

2Here z,y are themselves sets, and (z,y) := {x, {x,y}}); = is in the domain of the function
and y is in its range.

3More precisely, in order to select one function out of an arbitrary, unordered pair of func-
tions, some form of the aziom of choice [41] is needed.

4Interestingly, in the early 19th century they were often called “semi-convergent”.
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The two functions differ by a constant, which is exponentially smaller than
each function. The expected relative error cannot be better than exponen-
tially small, at least for one of them. As we shall see, it is exponentially
small for each one of them, and slightly smaller for a privileged choice of the
constant, when the lower limit of integration is taken to be —oo (and the
improper integral is defined as the Cauchy principal part; this defines the
function Ei(z)). This smallest error is achieved by stopping the sum at its
least term, which can be seen to be n &~ z. The error in calculating Ei(x) is
very small, of order =/2 which is indeed pretty good for a function which
grows exponentially as x — oo. Still, for fixed x, in this calculation there is a
buit-in error.

Cauchy [2] , proved that least term truncation in Stirling’s formula gives
errors of the order of magnitude of the least term.

Stokes refined Cauchy summation to the least term, and discovered the
“Stokes phenomenon”: if a solution of a linear differential equation is asymp-
totic to a divergent series, it must grow exponentially in some other directions.

But a clear definition and a general procedure of summation were absent
at the time. Abel, himself the inventor of a number of summation procedures
of divergent series, labeled divergent series “an invention of the devil”.

Later on, the view of divergent series as somehow linked to specific functions
and encoding their properties was later abandoned, together with the notion
of a function as a rule. This view was replaced by the rigorous notion of
an asymptotic series, associated instead to a vast family of functions via the
rigorous Poincaré definition 1.11, which is precise and general, but specificity
is lost even in simple cases.

*

Can we usefully associate to a divergent series a unique function which
might call the sum of the series? The answer is yes, in many practical cases,
no in general. Exploring this question will carry us through a number of
interesting questions.

In [14], Euler considered this question for the formal series s =1—246 —
24 4120 - -, in fact extended to the formal expansion

fi= i El(=2)* 2 — oo (1.40)
k=0

FEuler notes that f satisfies the equation
2y +y==z (1.41)

and concludes that f = e/*Ei(—1/z) 4+ Cel/* and thus, since the series is
formally small as z — 01, we should have C' = 0, f = ¢'/*Ei(—1/z), and in
particular s = eEi(—1). What can we make out of this calculation? At the
very least, this shows that if (1.40) sums to a function, in a way compatible
with basic operations and properties, the function can only be e'/ *Ei(—1/z).
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FIGURE 1.1: L. Euler, De seriebus divergentibus, Novi Commentarii
Academiae Scientiarum Petropolitanae (1754/55) 1760, p. 220
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On the other hand, the formal expression

1
> p (1.42)

q€Q

cannot have a nontrivial, meaningful sum, since the sum would have any
rational number as a period, and would therefore not be Lebesgue measurable
[40]. Since it is known that nonmeasurable functions only exist by virtue of
some form of the axiom of choice, no definable (such as “the sum of (1.42)”)
nonmeasurable functions can exist.

A good correspondence between functions and expansions is possible only
by carefully restricting both. We will restrict the analysis to functions and
expansions arising in differential or difference equations, and some few other
concrete problems.

Some elements of Ecalle’s theory

In the 80’s by Ecalle found a vast class of functions, closed under usual
operations (algebraic ones, differentiation, composition, integration and func-
tion inversion) whose properties are, at least in principle, easy to analyze: the
analyzable functions.

We might fear such a closure is either nonconstructive, or else horrendously
intricate. Let’s see what happens in the closure using say two operations,
reciprocal and integration.

1
/1:91: N e —>/m_1:lnm

and Inx has to be taken as a new primitive object.

1 1 1
— = lne = — |—| | — nonelementary (1.43)
. Inz Inz

and, within functions we would need to include the last integral as yet another
primitive object.

Transseries. The way to obtain analyzable functions was in fact to first
construct transseries, the closure of formal series under operations, a far
more manageable task, and then establish a good correspondence between
transseries and functions.

Transseries are surprisingly simple. They consists, roughly, in all formally
asymptotic expansions, finitely generated in terms of powers exponentials and
logs in exponentials powers and logs of ordinal length with coefficients which
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have at most power-of-factorial growth. For instance, as x — oo, integrations
by parts in (1.43) yields

1 — k!
Inz x;(lnx)k‘*‘l

(a divergent expansion). Other examples are:

e k d 29k
ee$+m2 +6712k'(1nx) _i_efa:lna: Z k!“2 T — 400

k k/3
i
k=0 k=—1 x

%) %) c

— kl
DIl DI

. X

k=0 7=0

Note how the terms are ordered decreasingly, with respect to > (far greater
than) from left to right. The generators in the first and third transseries
are 1/x and e~®. Transseries contain, order by order, manifest asymptotic
information.

Transseries, as constructed by Ecalle, are the closure of series under a num-
ber of operations, including

(i) Algebraic operations: addition, multiplication and their inverses.

(ii) Differentiation and integration.

(iii) Composition and functional inversion.

However, operations (i), (ii) and (iii) are far from sufficient; for instance
differential equations cannot be solved through (i)—(iii). Indeed, most ODEs
cannot be solved by quadratures, i.e. by finite combinations of integrals of
simple functions, but by limits of these operations. Limits though are not
easily accommodated in the construction. Instead we can allow for

(iv) Solution of fixed point problems of formally contractive mappings, see
§2.1b .

Operation (iv) was introduced by abstracting from the way problems with
a small parameter ° are solved by successive approximations.

Proposition. Transseries are closed under (i)—(iv).

This will be shown in §4 and §A; it means many problems can be solved
within transseries. It is however unlikely that (i)—(iv) encompass all there is
needed to solve asymptotic problems and more needs to be understood.

Analyzable functions. To establish a one-to-one isomorphic correspon-
dence between a class of transseries and functions, Ecalle also vastly general-
ized Borel summation .

5The small parameter could be the independent variable itself. Infinity is often taken as
the special point, one reason being that repeated differentiation of exp(1/z) is clumsy.
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Ecalle-Borel (EB) summation extends usual summation, does not depend
on how the transseries was obtained, and is a perfect isomorphism between
expansions and functions. The sum of an EB summable transseries is, by
definition an analyzable function.

EB summable transseries are known to be closed under operations (i)—(iii)
but not yet (iv). EB summability has been shown to apply generic systems of
linear or nonlinear ODEs, PDEs (including the Schréodinger equation, Navier-
Stokes) etc, Quantum Field Theory, KAM and so on. Concrete theorems will
be given later.

The representation by transseries is effective, the function associated to a
transseries closely following the behavior expressed in the successive, ordered,
terms of its transseries.

Determining the transseries of a function is the “analysis” part and transse-
riable functions are “analyzable ”, while the opposite process, reconstruction
by EB summation of a function from its transseries is known as “synthesis”.

We have the following diagram

’ Convergent series‘ — | Summation | — ’Analytic functions‘

o =g O =g
’UQLBQ Uasg
w,ﬁg,g CD.-;CL%
s a2 5 ‘22
& T A o T E
S @ 9) ®
=] =]

»n »n

I

Transseries‘ — ’E—B Summation‘ — ’Analyzable functions‘

This is the only known way to close functions under the listed operations.

Formal and actual solutions.

Few calculational methods have longer history than successive approxima-
tion. Suppose € is small and we want to solve the equation y—4° = €. Looking
first for a small solution, we see that y° < y and then, writing

y=c+y° (1.44)
as a first approximation, we have

Y=y =€ (1.45)
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We can use y ~ y; in (1.44) to improve in accuracy over (1.45):
Yo =c+e

and further
5\ 5
Yz = €+ (6 +e€ )

Repeating this procedure indefinitely, the right side becomes
€+ € +5¢” + 35¢ + 285¢!7 + 2530€* + - - (1.46)
Exercise 1.47 Show that this series converges for |e| < 4 -57%/%.

The binomial series (1.46) converges to z for |t| < 1, and is computationally
most useful if ¢ is small.

Regular differential equations can be locally solved much in the same way.
Consider the Painlevé equation

y//:y2+z

near z = 0 with y(0) = yo and y'(0) = y; small. If y is small like some power
of z, then " is far larger than y? and then, to leading approximation,

1

Yy ==z
and
2

z
y:y0+y12+5

We can substitute this back into the equation and get a better approxima-
tion of the solution, and if we repeat the procedure indefinitely, we get the
actual solution of the problem (since, as it follows from the general theory of
differential equations, the solution is analytic).

Let us look at the equation

f—f=a"! (1.48)
the same as the one Euler used, now in the variable z = 1/z, for = large
and positive. If f is small like an inverse power of z, then f’ should be even

smaller, and we can apply again successive approximations to the equation
written in the form

f=f—at (1.49)
To leading order f ~ f; = 1/, we then have f ~ f, = 1/x — 1/2? and now
if we repeat the procedure indefinitely we get
1 2 6 (—1)"n!

1
fNE,? Eiﬁ#“”iWJr.“ (1.50)

Something must have gone wrong here. We do not get a solution (in any obvi-
ous meaning) to the problem: for no value of x is this series convergent. But
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note that “not convergent” presupposes a topology, or a notion of convergence
(such as pointwise convergence). Is there a good topology under which such
wildly divergent expansions converge? The answer is yes, but for now we shall
pull a trick out of the hat that allows us to interpret the series. If we write

o0
n!:/ e ttndt
0

in (1.50), it becomes

oo 0 oo —np
e_tt”x_”_ldt:/ ¢ dp 1.51
L i 150

n=0

provided we can interchange summation and integration, and sum the geo-
metric series to 1/(1 + p) for all values of p, not only for |p| < 1.

Upon closer examination, we see that another way to view the formal cal-
culation leading to (1.51) is to say that we first performed a term-by-term
inverse Laplace transform (cf. §2.1a ) of the series (the inverse Laplace trans-
form of nlz="~! being p"), summed the p-series for small p (to (1 +p)~1)
analytically continued this sum on the whole of RT and then took the Laplace
transform of this result. Up to analytic continuations and ordinary convergent
summations, what has been done in fact is the combination Laplace inverse-
Laplace transform, which is the identity. In this sense, the emergent function
is “equal” to the initial series, and should inherit its formal properties. In par-
ticular, (1.51) is a solution of (1.48). The steps we have just described define
Borel summation , which applies precisely when the above steps succeed.

What distinguishes the first two examples from the last one? In the first two,
the next approximation was obtained from the previous one either by algebraic
operations and integration. These processes are regular, and they produce,
at least under some restrictions on the variables, convergent expansions. We
have, e.g., [+ [a = 2™/nl. But in the last example, we iterated upon
differentiation which makes functions “worse and worse”. We have (1/z)") =
n!/z" 1. In §4.6 we will see why the trick above works to interpret such series.

1.2b  Laplace transforms

Let F € L'(R). Then, by Fubini’s theorem and dominated convergence,
the Laplace transform

LF = /000 e P"F(p)dp (1.52)

is well defined and continuous in z in the closed right half plane and analytic
in the open RHP (the open right half plane). (Obviously, we could allow
Fe~lelP ¢ 1 and then £LF would be defined for Rz > |a|.) F is uniquely
defined by its Laplace transform, as seen below. The Laplace convolution is
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given by ,
(=0 = [ fs)alo—9)is (1.53)
and we have
L(f =g)=L(f)L(g) (1.54)
and L(pF) = (LF)'.

1.2¢c A Laplace inversion formula

Theorem 1.55 Assume c > 0, f(z) is analytic in the closed half plane H,. :=
{z : Rz > c}. Assume further that supy~.|f(c" +it)] < g(t) with g(t) €
L' (R). Let -
1 c+io0o
Fo) =5 [ e fla)ds = (£ F)) (1.56)

2'/Tl —ico

Then for any x € {z: Rz > ¢} we have

LF = /000 e PPF(p)dp = f(x) (1.57)

PROOF Note that for any #’ =z} +iy] € {z : Rz > ¢}

(e’ c+ioo [e’e)
[ [ e o] < [T apere gl < S s
0 e—ico 0 Ty —¢
and thus, by Fubini we can interchange the orders of integration:
) , c+ioco
U N — —px _— px d
@ = [ e [ e
1 c+i00 e’} , 1 c+io0o f(l’)
= — d dpe P* TP = d 1.59
omi ) S () /0 pe omi /H-oo o g (159)

Since g € L' there must exist subsequences 7,, —7/, tending to oo such that
lg()] — 0. Let 2’ > Rz = x; and consider the box B, = {z : Rz €
[z1,2'],3% € [—7,,, T,]} with positive orientation. We have

() 45 = — f(a!) (1.60)

!
B-,L"L‘ S

while, by construction,

i [ g2 /m A 4 /C+m S gy (1.61)

n—oo Jp 1/ — 3 x' —s x'—s

' —400 —100
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On the other hand, by dominated convergence, we have

z'+ico
/ J(s) ds —0 as 2/ — o0 (1.62)

/oo X —S



Chapter 2

Review of some basic analytic tools

2.1 The Phragmén-Lindel6f Theorem

This result is very useful in obtaining information about the size of a func-
tion in a sector, when the only information available is on the edges.

Theorem 2.1 (Phragmén-Lindel6f) Let U be the open sector between two
rays from the origin, forming an angle ©/83, B > % Assume f is analytic in
U, and continuous on its closure, and for some C1,C2, M > 0 and « € (0, 3)
it satisfies the estimates

|f(z)|§CleC2‘Z|a; zeU; |f(x)|<M; z€dU (2.2)

Then
lf(z)| <M; zeU (2.3)

PROOF By a rotation we can make U = {z : 2|arg z| < w/8}. Making
a cut in the complement of U we can define an analytic branch of the log
in U and, with it, an analytic branch of z°. By taking g = f(2'/%), we
can assume without loss of generality that 5 = 1 and « € (0,1) and then
U={z:|argz| < m/2}. Let o € (e, 1) and consider the analytic function

e f(2) (2.4)

Since [e“2*" | < 1 in U (check) and |e=2*" ¥C22"| — 0 as |z| — oo on the
half circle |z| = R,Rz > 0 (check), the usual maximum modulus principle
completes the proof.

2.1a Some properties of Laplace transforms

There are many textbooks on integral transforms; we will briefly mention
now a few facts about the Laplace transform. We will study Laplace and
inverse Laplace transforms in more detail later.

Lemma 2.5 (Uniqueness) Assume F € L*(R") and LF =0 for a set of x
with an accumulation point. Then F =0 a.e.

29
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We will from now on write F = 0 on a set to mean F' = 0 a.e. on that set.

PROOF By analyticity, LF = 0 in the open RHP and by continuity, for
s € R, LF(is) = 0 = FF where FF is the Fourier transform of F (extended
by zero for negative values of p). Since F' € L* and 0 = FF € L', by the
known Fourier inversion formula [40], F' = 0.

More however can be said. We can draw interesting conclusions about F'
just from the rate of decay of LF.

We can apply the Phragmén-Lindel6f theorem to obtain a result on the
subexponential behavior of Laplace transforms, which shows in particular that
no two different L*(RT) functions, real-analytic on (0, 00), can have Laplace
transforms within exponentially small corrections of each—other.

Proposition 2.6 (Lower bound on decay rates of Laplace transforms)
Assume F € LY(RT) and for some € > 0 we have

LF(x)=0(e") as = — +0© (2.7)

Then F =0 on [0, €.
PROOF We write
/OOO e P“F(p)dp = A e P"F(p)dp + /OO e P*F(p)dp (2.8)
we note that
[ rwa] <e [TIF@I < e F = o) @)
Therefore
g(z) = /06 e P*F(p)dp=0(e™") as x — +o0 (2.10)

The function ¢ is entire (prove this!) Let h(z) = e“*g(x). Then by assumption
h is entire and uniformly bounded for € R (since by assumption, for some
xo and all © > zp we have h < C and by continuity max|h| < co on [0, zo]).
The function is also manifestly bounded for « € iR (by ||F|/1). By Phragmén-
Lindelof (first applied in the first quadrant and then in the fourth quadrant,
with 8 =2, =1) h is bounded in the closed RHP. Now, for z = —s < 0 we
have

e | P F(p)dp < / F) < I1F]L (2.11)
0 0
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Again by Phragmén-Lindeldf (again applied twice) h is bounded in the closed
LHP thus bounded in C, and it is therefore a constant. But, by the Riemann-
Lebesgue lemma, h — 0 for z = is when s — +00. Thus h = 0. But then,
with X 4 the characteristic function of A,

F(p)e *Pdp = F(X[9.qF) =0 (2.12)
0

for all s € R entailing the conclusion. I

Corollary 2.13 Assume F € L' and LF = O(e™X) as x — +oo for all
A>0. Then F = 0.

PROOF This is straightforward. I

As we see, uniqueness of the Laplace transform can be reduced to estimates.

2.1b Banach spaces and an essential tool: the contractive
mapping principle

We discuss, for completeness, a few basic features of Banach spaces. There
is a vast literature on the subject; see e.g. [39]. Familiar examples of Banach
spaces are the n-dimensional euclidian vector spaces R™. A norm exists in a
Banach space, which has the essential properties of a length: scaling, positivity
except for the zero vector which has length zero and the triangle inequality
(the sum of the lengths of the sides of a triangle is no less than the length
of the third one). Once we have a norm, we can define limits, by reducing
the notion to that in R: z, — =z iff || — x,|| — 0. A normed vector space B
is a Banach space if it is complete, that is every sequence with the property
|€n — Zm| — O uniformly in n,m (a Cauchy sequence) has a limit in 5.
Note that R™ can be thought of the space of functions defined on the set
of integers {1,2,...,n}. Then it is clear that there are infinite-dimensional
Banach spaces, for instance the space of bounded functions on [0, 1] with the
norm || f|| = supyg 1) |f|- Infinite dimensional Banach spaces can be different
from the finite-dimensional ones:

Exercise 2.14 Find examples of normed vector spaces which are mot com-
plete.

A function L between two Banach spaces which is linear, L(x+y) = Lz + Ly,
is bounded (-or continuous) if [|L|| := sup) = | Lz| < oco.

In a complete normed space the vector structure and associated restrictions
on the norm are dropped.

Assume B is a Banach space and that S is a closed subset of B. In the
induced topology (i.e, in the same norm), S is a complete normed space.
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Throughout the book we will rely on the contractive mapping principle,
which is a handy way to obtain solutions of perturbed problems from those
of the simpler, unperturbed ones.

Assume M : S +— B is a (linear or nonlinear) operator with the property
that for any z,y € S we have

[M(y) = M(2)|| < Ally = =] (2.15)

with A < 1. We call such operators contractive. Note that if A is linear,
this just means that the norm of M is less than one.

Theorem 2.16 Assume M : S — S, where S is a closed subset of B is a
contractive mapping. Then the equation

z = M(x) (2.17)

has a unique solution in S.

PROOF  Consider the sequence {z;}; € N defined recursively by

To =T €S (2.18)
r1 = M(!Eo)
Tjp1 = M(z;)
We see that
240 = zjall = [M(zj1) = M(z)| < Majgr — 2] < -0 <Vl — o]
(2.19)
Thus,
. ) A
Zj+pr2 — @it < ()\ﬁp +- ")\J)H»Tl — ool < 7 ller — ol (2:20)

and z; is a Cauchy sequence, and it thus converges, say to z. Since by (2.15)
M is continuous, passing the equation for x;4; in (2.18) to the limit j — oo
we get the limit we get

xr =x0+ M(x) (2.21)

that is existence of a solution of (2.17). For uniqueness, note that if X and ¥
are two solutions of (2.17), by subtracting their equations we get

[X =Yl = [M(X) = M(Y)[ <AIX =Y (2.22)

implying | X — Y|| = 0, since A < 1. I
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Note 2.23 Note that contractivity and therefore existence of a solution of a
fixed point problem depends on the norm. An adapted norm needs to be chosen
for this approach to give results.

Exercise 2.24 Show that if L is a linear operator from the Banach space B
into itself and ||L|| < 1 then I — L is invertible, that is x — Lz = y has always
a unique solution x € B. Note thus that assuming that I — L is not invertible,
then whatever other norm || - ||* which makes B a Banach space, ||L||* > 1.

2.1c Fixed points and vector valued analytic functions

A theory of analytic functions from a Banach space to itself can be con-
structed by almost exactly following the usual construction of analytic func-
tions. For the construction to work, we need the usual vector space operations
and a topology in which they are continuous. If multiplication is present —in a
Banach algebra setting— multiplication is continuous as well. We can define a
derivative in the usual way, by writing F\(f +eg) = F(f)+eLsg+o(e), e € C
small, where Ly =: 0;F is a linear operator, define an integral in the usual
way, as a limit of a sum, or using appropriately generalized measure theory.
Cauchy’s formula is valid for complex-differentiable (analytic) functions. A
detailed presentation is found in [13], but the basic facts are simple enough
for the reader to redo the necessary proofs. An immediate recasting of the
contractive mapping principle is that

Remark 2.25 In the context of Theorem 2.16 we have, equivalently: If N :
S? S is analytic in f and || 0N < X <1 for f,g in S, then the equation
F=N(f,g), where |O;N| <X <1 in S has a unique fized point in S.

Indeed, if ||h|| = 6 we have h = dhy with ||h]| =1

§
WG £+ 1) =MDl < [ 57 (o4 ) a1 <

The implicit function theorem could be restated abstractly in a similar setting.

2.1d Choice of

An equation can be rewritten in a number of equivalent ways. In solving
an asymptotic problem, as a rule of thumb the final operator A should not
contain derivatives or other operations poorly behaved with respect to asymp-
totics, and it should only contain the sought-for solution through formally
small corrections. The norms should reflect as well as possible the expected
growth /decay tendency of the solution itself and the spaces are spaces where
this solution lives.

Note 2.26 The contractive mapping and implicit function results above are
trivially equivalent, and the difficulty in proving an asymptotic result virtually
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never lies here, but in finding the contractive reformulation, and the adequate
spaces and norms.
2.1d .1 Applications

2.1d .2 Existence and uniqueness of solutions of differential equa-
tions

Assume G(X,t) is a function defined on B x [0,a] where a B is a Banach
space and that G is continuous in x and Lipschitz continuous in X, i.e.

1G(X, 1) = GV, 1) < A(D)[|X = Y| (2.27)

for all t € [a,b] and X,Y € B with A(t) continuous. Then A(t) < A for some
A and all t € [a,b]. Then for some e > 0, the differential equation

V() =G(Y(t)t); Y(a)=Ya (2.28)

has a unique solution on the interval [a,a + €].

PROOF The definition of the derivative is the same as in usual calculus,
since we have a well defined notion of limit. Likewise, an Riemann integral of
the form

/az Y (s)ds (2.29)

is defined as in usual calculus as a limit of Riemann sums and it exists if Y is
continuous in s. Consider the space of continuous functions ¢t — Y (¢) defined
for ¢t € [a,a + €] in the norm

Y (1)]loo = Y (¢ 2.30
¥ (@) = max [V (2:30)

Check that this is a Banach space. Let ||G(Yg,al| = M. Consider the ball B
of radius §; centered at Y, and the interval [a,a + 2] with 2 small. We can
choose ¢; and d2 small enough so that ||G(Y, + y,a + €]| < 2M if ||y|| < 01
and € < ds.

Consider the auxiliary equation

a+t
Y()=Y, +/ G(Y (s),8)ds =: MY (2.31)
We first check that the ball B is invariant under M. We have
MY Y] = | / G(Y (5), 5)ds|| < [2Mo] < 5, (2.32)
a

if 6o < 07 /M
Now we want to check contractivity. We have
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a+t
[(M(X) = MY))II(t) = ‘/ (G(X(s5),8) = G(Y(s),5))ds

a+t a-+t
< / 1G(X(s),5) = G(Y(s), s)[|ds < A/ 1X(s) = Y(s)llds

a+t
<A [ X Vs = A1 X — Y (239

which is contractive if Ads < 1. We see that the assumptions of the contractive
map theorem are met if

8y < ’A‘l 81 /M|

It is easy to check that the solution to (2.31) solves the original problem. We
see that the definition of G can be restricted to a neighborhood of Y.

Local existence is all that can be shown in this generality since even an
equation as simple as y’ = y? + 1, whose general solution is tan(x + ¢) has
infinitely many poles on R. .

2.1d .3 Global existence and uniqueness of solutions of linear dif-
ferential equations

Consider now the equation

Y'(t)=L{t)Y; Y(0)=Yy (2.34)

where L(t) is a uniformly bounded linear operator,
L(t)|| <L 2.35
e IL@)] < (2.35)

Then the problem (2.34) has a global solution on [0, o).

PROOF Consider the space of continuous functions Y : [0,00) — B in
the norm
Y lloo,r. = sup e Ay (#)] (2.36)
te[0,00)

with A < 1 and the auxiliary equation
t
Yt)=Yp +/ L(s)Y (s)ds (2.37)
0
which is well defined on B and is contractive there since

t
Lt/ < Le*Lt/A/ LMY ||oo.rds = AV [lso.p (2.38)
0

I

/O t L(s)Y (s)ds
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2.1d .4 Example: A Puiseux series needed in §3.1c , in the asymp-
totics of the Gamma function

We choose a simple example which can be dealt with in a good number
of other ways, yet containing some features of more complicated singular
problems. Suppose we need to find the solutions of the equation x —Inz =t
for ¢t (and z) close to 1. The implicit function theorem does not apply to
F(z,t) =z —Inz —t at (0,0). We then attempt to find a simpler equation
that approximates well the given one in the singular regime, that is we look
for asymptotic simplification, and then we try to present the full problem as
a perturbation of the approximate one. We write z = 1+ 2,t = 1+ s, expand
the left side in series for small z, and and retain only the first nonzero term.
The result is 22/2 a s. There are two solutions, thus effectively two different
problems when s is small. Keeping all terms, we treat the cubic and higher
powers of z as corrections. We look at one choice of sign, the other one being
very similar, and write

2 3 4 2 5 1/2
Z:(gs+§_"“’2+;+...) = (25 + €(2))"/2 (2.39)

where €(z) is expected to be small. We then have

1/2

z=(2s+ O(z3))1/2 = (23 + 0(53/2)) (2.40)
hence
. 12 1 1/2
z = (25 + [(25)1/2 + 0(53/2)} /3) = <23 + ng/Q + 0(52)>

(2.41)
and further,

1/2

— 42 3/2 2s° 5/2 _ 25 V2 3/2 25 5/2
z<25+ 3 5t 3 +O(s )) —\/%+3+185 135+O(8 )
(2.42)

etc., where in fact the series converges, as shown in the Exercise 2.44 below.
Two ingredients are typically necessary for an iteration about an approx-
imate equation to converge: the equation should be written in such a way
that the solution is expected to be unique, and of course, all discarded terms
should indeed be small. For the latter condition one can formally check self-
consistency: using the approximate solution to calculate the expected correc-
tion to the first approximation, the (approximate) correction should indeed
be small. According to the expected size of the solution and corrections, we
should then be able to write a family of equations equivalent to the original
one, which will then be contractive. Here z should be close to v/2s; we set
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s=w?/2 and z = wZ and get

2 1 2 1/

Z = (1 + SwZ3 — —w?Z + w378 + - > (2.43)
3 2 )

Exercise 2.44 * Show that if € is small enough, then (2.43) is contractive in

the sup morm in a ball of radius € centered at 1 in the space of functions Z

analytic in w for |w| < e. Show thus that z is analytic in /s for small s.

Once the behavior of the solutions has been clarified, we may sometimes
gain in simplicity, or more global information, by returning to the implicit
function theorem, but properly applied. Which one is better depends on
the problem and on taste. The contraction mapping principle is often more
natural, especially when the topology, suggested by the problem itself, is not
one of the common ones.

We take t = 72 /2 and write 22/2+ (z—In(14+2)—22/2) =: 22/2(1+2¢(2)) =
72/2 and (differentiating z¢ reintegrating and changing variables) we get

' o2do
21— zp(z) =1 @(2) = /0 d (2.45)

1+ zo

with the usual choice of branch for the square root. It is clear that the implicit
function theorem applies to the functions zy/1 — z¢(z) £ w at (0,0).

The first few terms of the series are easily found from the fixed point equa-
tion by repeated iteration, as in §2.1e ,

1 1, V2, 13
= o2 Vi ey 2.46
PEARTTRT T T (2.46)

2.1e A nonlinear differential equation

As another example, consider the equation
y+y=at Pty (2.47)

with the restriction y — 0 as * — +4o00. Exact solutions exist for special
classes of equations, and (2.47) does not (at least not manifestly) belong to
any of them. However, formal asymptotic series solutions, as x — oo, are
usually easy to find. If 3 is small and power-like, then g, 3% < y and a first
approximation is y; ~ 1/z. Then y ~ 1/z + y$ + 2y} — y}. A few iterations
quickly yield (see Appendix D)

ya) =2 ' +2 2 +32 3+ 13271+ 69277 +42827°+ O (277) (2.48)

To find a contractive mapping reformulation, we have to find what can be
discarded in a first approximation. Though the derivative is formally small,
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as we discussed in §2.1d , it cannot be discarded when a rigorous proof is
sought. Since f and 1/z are of both formally larger than f’ they cannot by
discarded either. Thus the approximate equation can only be

y +y=2"'+E(f) (2.49)

where the “error term” E is just f2 +xf°. An equivalent integral equation is
obtained by solving (2.49) as though E was known,

y=go+Ny)

go(x) = y(z)e™ ") e /m esjds; N(y) = 64/ e* [y3(s) + sy°(s)] ds
’ ’ (2.50)

say with 2,29 € R (a sector in C can be easily accommodated). Now,
the expected behavior of y is, from (2.48) x71(1 + o(1). We take the norm
[yl = sup, >, |[zy(z)| and S the ball {y : (zg,00) : [|ly|| < a} where a > 1 (we
have to allow it to be slightly bigger than 1, by (2.48)).

To evaluate the norms of the operators involved in (2.50) we need the fol-
lowing relatively straightforward result.

Lemma 2.51 For x > xy > m we have

xz
e_s/ efsT™ < |1 —m/ao|te™
T

0

PROOF In a sense, the proof is by integration by parts: for x > zg > m
we have
"™ < |1 —m/xo| HeTx™)

and the result follows by integration.

Exercise 2.52 (i) Show that, if a > 1 and if x¢ is sufficiently large, then
N is well defined on S and contractive there. Thus (2.50) has a unique fized
point in S. How small can you make xg?

(i) A slight variation of this argument can be used to prove the validity of
the expansion (2.48). If we write y = yn + 6(x) where yy is the sum of the
first N terms of the formal power series of y, then, by construction, yy will
satisfy the equation up to errors of order x=N=1. Write an integral equation

for & and show that § is indeed O(x~N1).



Chapter 3

Review of some results in classical
asymptotics

3.0f Asymptotics of integrals: first results

Example: Integration by parts and elementary truncation to the
least term. A solution of the differential equation

f—2rf+1=0 (3.1)

is related to the the complementary error function:

E(z) = e’ / e~ ds = gewzerfc(x) (3.2)

Let us find the asymptotic behavior of E(z) for # — 400. One very simple
technique is integration by parts, done in a way in which the integrated terms
become successively smaller. A decomposition is sought such that in the
identity fdg = d(fg) — gdf we have gdf < fdg in the region of interest. Note
that there is no manifest perfect derivative in the integrand, but we can create
a suitable one by writing e~ ds = —(2s)"Ld(e=*").

1 e [®es 1 1 3ev” [® e~
@W=5"%) ¥ =n st /, st

T CDFD D) | ()" Tt D) [ e
Zo Q\f r2k+1 + ﬁ L

On the other hand, we have, by L’Hospital

2 2 -1
e ? e * 1
(/m Sm ds) <x2m+1> — 5 a8 T — 00 (3.4)

and the last term in (3.3) is O(z=2™71) as well. It is also clear that the
remainder in (3.3) is alternating and thus

ds (3.3)

52777,

m— 1 k F k m k F k
LG < nt < 3 L EGED
NG NG x2k+1

M

(3.5)

=
I
=)

39
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if m is even.

Remark 3.6 In Ezercise 1.38, we conclude F(z) has a Taylor series that at
zero,

n . - (71)]C 1 m+1
F(z)sz:;) N F(k+§)22 + (3.7)

and F(z) is C* on R and analytic away from zero.

Exercise 3.8 Show that z = 0 is an isolated singularity of F(z). Using Re-
mark 1.32, show that F is unbounded as 0 is approached along some directions
in the complex plane.

Notes. (1) The series (3.7) is not related in any immediate way to the Laurent
series of f at 0. Laurent series converge. Think carefully about this distinction
and why the positive index coefficients do not coincide.

(2) The rate of convergence of the Laurent series of F' is slower as 0 is
approached, quickly becoming numerically useless. By contrast, the precision
gotten from (3.5) near zero is such that for z = 10 the relative error in
calculating f is about 5.3 - 107%2% (check) ! However, of course (3.5) is
divergent and it cannot be used to calculate exactly for any z.

3.0g Laplace’s method for linear ODEs with first order poly-
nomial coefficients

Equations of the form
n

Z(akaﬂ +b)y® =0 (3.9)
k=0
can be solved through explicit integral representations of the form

/c e *PF(p)dp (3.10)

with F' expressible by quadratures and where C is a contour in C, which has
to be chosen subject to the following conditions:

e The integral (3.10) should be convergent, together with sufficiently many
z-derivatives, and not identically zero.

e The function e P F(p) should vanish with sufficiently many derivatives
at the endpoints, or more generally, the contributions from the endpoints
when integrating by parts should cancel out.

Then it is clear that the equation satisfied by F' is first order linear homoge-
neous, and then it can be solved by quadratures. It is not very difficult to
analyze this method in general, but this would be beyond the purpose of this
course.
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We illustrate the method on Airy’s equation
y' =y (3.11)
Under the restrictions above we can check that F satisfies the equation
p’F =F' (3.12)

Then F = exp(p®/3) and we get a solution in the form

/3

1 ocoe
Ai(z) / e~ P’ 3y (3.13)

21 coe—™i/3

along some curve that crosse the real line. It is easy to check the restrictions
for x € R, except for the fact that the integral is not identically zero. We
can achieve this at the same time as finding the asymptotic behavior of the
Aji function.

Solutions of differential or difference equations can be represented in the
form

b
F(z) = / e®90) f(s)ds (3.14)

with simpler g and f in wider generality, as it will become clear in later
chapters.

3.1 Laplace, stationary phase and saddle point methods

These deal with the behavior for large z of integrals of the form (3.14). We
distinguish three particular cases: (1) The case where all parameters are real
(dealt with by the so-called Laplace method); (2) The case where everything
is real except « which is purely imaginary (stationary phase method) and (3)
The case when f and g are analytic (steepest descent method). In this latter
case, the integral may also come as a contour integral along some path.

(1) The Laplace method. Even when very little regularity can be assumed

about the functions, we can still infer something about the large x behavior
of (3.14).

Proposition 3.15 If f(s) € L*([a,b]) then

b 1/x
lim / ) ds — ol fllss
Tr——400 a
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PROOF  This is simply the fact that || f|l, — ||flco- I

Note that this does not ensure even a first term in an asymptotic expansion
in the sense of (1.12). For that, more regularity is needed.

Heuristics. The intuitive idea is that if z is large and ¢ has a unique ab-
solute maximum, the absolute maximum in s of ¢(x; s) = exp(xg(s)) exceeds,
for large z, by a large amount the value of ¢ at any point neighboring point.
Then the contribution of the integral outside a tiny neighborhood of the max-
imum point is negligible. But in a neighborhood of the maximum point, both
f and g are very well approximated by their local expansion. For example,
assume the absolute maximum is at the left end, x = 0 and we have f(0) # 0
and ¢'(0) = —a < 0. Then,

/'e”g(s)f(s)dsz/ exg(o)_‘“sf(O)ds
0 0 - .
~ f(0)e™9®) / e ds = £(0)e”90 —  (3.16)
0 axr

Watson’s Lemma, proved in the sequel, is perhaps the ideal way to make the
previous argument rigorous, but for the moment we just make the approximate
reasoning into a proof following the same line of reasoning.

Proposition 3.17 (the case when g is mazimum at one endpoint). Assume
f is continuous on [a,b], f(a) # 0, g is in Cla,b] and ¢’ < —a < 0 on [a,b].
Then

a)er9(a)
L(1 +0(1)) (x — +00) (3.18)

b
= / fls)er? Vs = z|g'(a)]

Note: Since the derivative of g enters in the final result, regularity is clearly
needed.

PROOF Without loss of generality, we may assume a = 0, b = 1, f(0) > 0.
Let € be small enough and choose § such that if z < ¢ we have |f(x)— f(0)] < e
and [g'(z) — ¢'(0)] <e.

We write

1 ) 1
29(s) g — 29(s) g 29(s) g 3.19
/0 F(s)er9®)ds / F(5)e"90) ds + /5 f8)es@ds  (3.19)

the last integral in (3.19) is bounded by

1
/ £(5)e™9 ) ds < || f]|oce™ @ e?(9(9)=9(0) (3.20)
s

For the middle integral in (3.19) we have
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4 5 ,
/ F(8)e™ds < (£(0) +¢) / 90 +(5 (0)+)s] g
0

0
- _eﬂcg(o) f(0) +e
-z g(0)+e

[1 - e$5(9'<0>+6)} (3.21)

Combining these estimates, as * — co we thus obtain

f(0) +€

1
lim su xe_’”g(o)/ s)e9)ds < —
P T O

xr—00

(3.22)

A lower bound is obtained in a similar way. Since € is arbitrary, the result
follows.

When the maximum of g is reached inside the interval of integration, sharp
estimates require more regularity.

Proposition 3.23 (Interior mazimum) Assume f € C[—1,1], g € C?*[-1,1]
has a unique absolute mazimum (say at x = 0) and that f(0) # 0
0) and ¢"(0) < 0. Then

1
5)e™9)ds = o e9(0) 0 T — 400 .
| e = | R 10O (14 of1) (@ = o) (324

PROOF The proof is similar to the previous one. Let ¢ be small enough
and let ¢ be such that |s| < ¢ implies |¢g”(s)—g¢”(0)] < e and also | f(s)—f(0)] <
€.

We write

1 5
[ s = [ et [ enpsas @)
1 - [s|>6

The last term will not contribute in the limit since by our assumptions for
some « > 0 and |s| > ¢ we have g(s) — ¢g(0) < —a < 0 and thus

e 90/ e f(s)ds < 20| flloce ™ — 0 as x — oo (3.26)
[s|>6

On the other hand,
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§ é
/ ¢*99) f(s)ds < (£(0) + ) / P90+ 3(57 04015 g
-5

-5
0 [ 2g(0)+2(g" (0)+e)s 2m
< (£(0)+e)e™9® 90+ (g ds =

=~ €)e*9(0)
,oo FEORERAGE

(3.27)

An inequality in the opposite direction is obtained in the same way by noting
that

I, e~ ds

—1 asz— (3.28)
—00 e

0

Nl

as can be seen by changing variables to u = sz~ 2.

With appropriate decay conditions, the interval of integration does not
have to be compact. For instance, let J C R be an interval (finite or not) and
[a,b] C J.

Proposition 3.29 (Interior mazimum, noncompact interval) Assume f €
Cla,b] N L*°(J), g € C?[a,b] has a unique absolute mazimum at x = ¢ and
that f(c) #0 and ¢ (c) < 0.

Assume further that g is measurable in J and g(c) — g(s) = a+ h(s) where
a >0, h(s) >0 onJ\[a,b] and e=™5) € L'(J). Then,

B
[ e = [ et o) (o boe)  (330)
’ ol

PROOF This case reduces to the compact interval case by noting that

Jze—a9(©) / ¢#9) f(5)ds

J\[a,b]

< ﬁ”f”ooe_ra/ e—rh(s)ds
J
< Const./re ™ —0asz — oo (3.31)

0

Ezxample. We see that the last proposition applies to the Gamma function by
writing

n!:/ e_tt"dt:n"'H/ en(—stins) gq (3.32)
0 0
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whence we get Stirling’s formula

n! = 27m(g>n(1+0(1)); n — 400

3.1a Watson’s Lemma

In view of the wide applicability of Ecalle-Borel summability, for instance
to formal solutions of generic analytic differential equations as we shall see
later, many functions admit representations as Laplace transforms

(LF) (z) == /000 e “PF(p)dp (3.33)

The behavior of LF for large z relates to the behavior for small p of F.
For the error function note that

> 2 > 2, 2 x 2 [ €_z2p
e % ds= x/ e P du=—-e" / dp
/:v 1 2 o vp+1

For the Gamma function, writing [~ = fol + J;7 in (3.32) we can make the
substitution ¢ — In¢ = p in each integral and obtain (see §3.1c )

o0
nl = n”“e‘”/ e~ "PG(p)dp
0

Lemma 3.34 Let F € L'(RT), 2 = pe'®, p > 0, ¢ € (—7/2,7/2) and
assume
F(p)~p® asp—0F

with R(B) > —1. Then
| Fwe T3+ 0 (o o)
0
Proof. 1If U(p) = p~PF(p) we have lim, .oU(p) = 1. Let X be the

characteristic function of the set A and ¢ = arg(z). We choose C and a
positive so that |F(p)| < C|p”| on [0,a]. Since

/ F(p)emdp‘ <o P, (3.35)

we have by dominated convergence, and after the change of variable s = p/|z],

24 [ Ol dp = 4 [ UGl X o ) s
0 0

+ O(|$|B+1€71a) —=T(B+1) (Jz] — o) (3.36)
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Watson’s Lemma
This important tool finds the asymptotic series at infinity of (LF)(x) provided
F(p) a series at zero.

Lemma 3.37 Let F € L*(R") and assume F(p) ~ > po,cxp™ 9271 as
p — 07 for some constants 3; with R(3;) > 0, i = 1,2. Then, for a < co,

f(z) = /0“ e "PF(p)dp ~ chr(/ﬂ@ + By)a k=P

k=0

along any ray p in the open right half plane H.

Proof. Induction, using Lemma 3.34. O

Remark 3.38 (i) Clearly, the asymptotic formula holds if fooo is replaced by
foa, a > 0, since we can always extend F' and the integral with zero for x > a.

(ii) The presence of T'(kB; + B2) makes the large = series often divergent
even when F' is analytic at zero. However, the asymptotic series of f is still
the term-by-term Laplace transform of the series of F' at zero, whether a is
finite or not or the series converges or not. This freedom also shows that some
information is lost.

3.1b  Applications. 1. Laplace’s method revisited

(i) Absolute maximum at left endpoint with nonvanishing deriva-
tive.

Proposition 3.39 Let g be analytic (smooth) on [a,b] where ¢ < —a < 0.
Then the problem of finding the large x behavior of F in (3.14) is analytically
(resp. smoothly) conjugated to the canonical problem of the large x behavior

of

g(b) g9(a)—g(b)
/ " H(s)ds = 9@ / e ““H(g(a) —u)du (3.40)
g9(a) 0

with H(s) = f(e(s))¢'(s)

This just means that is, we can reduce to (3.40) after analytic (smooth)
changes of variable, and the change is clear, g(s) = u, ¢ = g~!. The proof of
smoothness is immediate, and we leave it to the reader.

Note that we have not required that f(0) # 0 anymore. If H is smooth
and some derivative at zero is nonzero, Watson’s lemma clearly provides the
asymptotic expansion of the last integral in (3.40). The asymptotic series is
dual, as in Lemma 3.37 to the series of H at g(a).

(ii) Absolute maximum at an interior point with nonvanishing sec-
ond derivative.
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Proposition 3.41 Let g be analytic (smooth) on the interval a < 0 < b
(we assume at least one endpoint is nonzero, otherwise the problem is trivial)
where ¢" < —a < 0 and assume g(0) = 0. Then the problem of finding the
large x behavior of F in (3.14) is analytically (resp. smoothly) conjugated to
the canonical problem of the large x behavior of

/\/ lg(0)] .2

1 [—lea)l L ) 1 [la®l L L
= —5/ e‘“H(—vf)v_Edv—i—g/ e ™ H(w2)v 2dv (3.42)
0 0

with H(s) = f(p(s))¢'(s), ¢*(s) = —g(u); Watson’s Lemma applies to the
last representation. If g, f € CF, then p € C*¥~1 and H € C*~2.

PROOF  We note that near zero g = —s2h(s) where h(0) = 1. Thus v/h is
well defined and analytic (smooth) near zero; we choose the usual branch and
note that the implicit function theorem applies to the equation sx/fa(s) =u
throughout [a,b]. The rest is left to the reader.

Exercise 3.43 Assume H € C* and a > 0. Show that the asymptotic be-
havior of

/ e_”’“2H(u)du (3.44)
—a
s given by
i 1 /OO H(Zl)(o) 21 —zu2d _ 1 i r (l + %) H(2l)(0) —1-1 (3 45)
2o ), C TR AT * ‘

(This is a formal series, not expected to converge, in general.) In other words,
the classical asymptotic series is obtained by formal expansion of H at the crit-
ical point x = 0 and termuwise integration, extending the limits of integration
to infinity and the odd terms do not contribute, by symmetry. The value of a
does not enter the formula, so once more, information is lost.

Exercise 3.46 Generalize (3.24) to the case when g € C*[—1,1] and the first
three derivatives vanish at the unique point of absolute maximum, s = 0.

Exercise 3.47 * Consider the problem (3.18) with f and g smooth and take
a = 0 for simplicity. Show that the asymptotic expansion of the integral
equals the one obtained by the following formal procedure: we expand f and
g in Taylor series at zero, replace f in the integral by its Taylor series,
keep ng'(0) in the exponent, reexpand end” ()% /24 4 series in s, and in-
tegrate the resulting series term by term. The contribution of a term cs™ 1is
c(g'(0))~™ tml fammt
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Exercise 3.48 (*) Consider now the inner mazimum problem in the form
(3.24), with f and g smooth at zero. Formulate and prove a procedure similar
to the one in the previous problem. Now the odd terms can be discarded since

by symmetry they give a zero contribution. An even power cs®™ gives rise to
a contribution 2™ /2T (m 4+ 1/2)(g" (0))~m~1/2g=m=1/2,

Exercise 3.49 (*) Use Exercise (3.47) to show that the Taylor coefficients
of the inverse function ¢~' can be obtained from the Taylor coefficients of ¢
in the following way. Assume ¢'(0) = 1. We let P,(x), a polynomial in x, be
the n—th asymptotic coefficient of e¥®=/¥) qs y — co. The desired coefficient
is 5[5 €7 Paya(x)da.

3.1c 2. The Gamma function

We start from the representation

n! = / tneftdt _ nn+1/ efn(sfln S)ds (350)
0 0

We can now use the results in §2.1d .4 and Watson’s Lemma to find the
behavior of n!. With s =1+ 2,z — In(1 + 2) = u?, dz = F(u)du we have

4 2 8 V2 8
Flu)=vV2+ -u+—u?> - — >+ = u'+ —u° — - 3.51
(u) = V24 gut o’ = gpu’ + gt + g (8:51)
Exercise 3.52 (*) Note the pattern of signs: ++ — — ---. Show that this

pattern continues indefinitely.

We have, using Exercise 3.43,

0o o u? 2
/ e~ n(s=Ins) g nne—n\/ﬁ/ (1 + 5 + .- ) e " du (3.53)
0 —00

or

1 1 139 > (3.54)

I~ V2 TeT 14+ — -
" e ( T 120 T 288a2 T Bisdon?
3.1d 3. Asymptotic expansions of differential equations

Consider the differential equation
Yy —y=a""—y’ (3.55)

for large x. If f behaves like a power series in inverse powers of z then 3y’ and
y3 are small, and we can proceed as in §2.1e to get, formally,

y(x) ~ —x 2 +2273 — 627 + 24275 — 11927 4708277 — 4926278 + - -
(3.56)
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How do we prove this rigorously? One way is to truncate the series in (3.56)
to n terms, say the truncate is y,, and look for solutions of (3.55) in the form
y(x) = yn(z) + 6(z). For §(z) we write a contractive equation in a space of
functions with norm sup,, |¢"*16(z)|.

Exercise 3.57 Carry out the construction above and show that there is a
solution with an asymptotic power series starting as in (3.56).

Alternatively, we can write an integral equation just for y, as in §2.1e and
show that it is contractive in a space of functions with norm sup, -, |2%y(z)|.
Then, knowing that it is a contraction, we can iterate the operator a given
number of times, with controlled errors. First,

e"”/ e *s %ds = exf/ e 52 ds = 7/ e (14 s) 2ds
z T )1 T Jo

1 2 6 24

Then,
y(z) = 61/ 675572ds—em/ e *y(s)’ds (3.59)

together with contractivity in the chosen norm implies

y(z) :ex/ efssfzds—i—ew/ e *0(s%)ds

1 2 6 i
We can use (3.60) and (3.58) in (3.59) to obtain the asymptotic expansion of
y to O(z71%), and by induction, to all orders.

Exercise 3.61 Based on (3.60) and (3.58) show that y has an asymptotic
power series in the open right half plane. In particular, the asymptotic series
is differentiable (why?).

To find the power series of y, we can also note that the asymptotic series must
be a formal power series solution of (3.55) (why?). Say we want five terms of
the expansion. Then we insert y = ass 2 + azs > +ass * +ass° +agz™"
in (3.55) and solve for the coefficients. We get

1+2a2 +2(12—+-a3+?>0L3—4ka4+4a4+a5 +a6—|—5a5—HL§

=0 (3.62)

T 3 x 0 20

and it follows immediately that

a9 = —1,(13 = 27(14 = —6,a5 = 24,&6 =-119 (363)
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Note that the signs alternate! This is true to all orders and has a simple
explanation to which we will return later.
*
The integral in (3.13) can be brought to Watson’s Lemma setting by simple
changes of variables. First we put p = g/« and get

coe™i/3

1 3/2 3
Ai(z) = — 1/2/ —2 a3 g 3.64
l(x) 277'7;1: coe—7i/3 c q ( )

We see that (¢ — ¢®/3) =1 —¢? =0 iff ¢ = 1. We now choose the contour
of integration to pass through ¢ = 1. It is natural to substitute ¢ = 1+ z and
then the integral becomes

—22%/2,1/2
Ai(z) = £ [/

211 coe—7i/3

0 3/2(,24 ,3/3 coe™ !/ 3/2(,24 ,3/3
e " (z%+2°/ )dq+/ e " (z%+2°/ )dq]
0

(3.65)
Along each path, the z2 + 23/3 = s has a unique well defined solution 21 2(s)
where we choose arg(z;) — 7/2, as s — 0F. As z; — 00e™/? we have s — oo
tangent to R™. We can homotopically deform the contour and write

6—2/3w3/2;p1/2 > 3/2dzq > 3/2 dzp
Aifr) = S [ [ e s [ e B2 g (366
i(@) 2 /0 ¢ ds /0 ¢ s ( )

where the analysis proceeds as in the Gamma function case, invert 22 + 23/2
near zero and calculate the expansion to any number of orders.

Exercise 3.67 * Complete the details of the analysis and show that

Ai(z) —32* (14 0(1)) (z — +00) (3.68)

1
" ayman
§2.1d 4.

Again, once we know that an asymptotic series exists, and it is differentiable
(by Watson’s Lemma), to obtain the first few terms of the asymptotic series
it is easier to deal directly with the differential equation, see also [3], pp.
101. We can proceed as follows. The expansion is not a power series, but its
logarithmic derivative is. We then substitute y(z) = ¢*(*) in the equation (a
simple instance of the WKB method, discussed later), we get (w')? +w” = z,
and for a power series we expect w” < (w’)? (check that this would be true
if w is a differentiable asymptotic power series), and set the iteration scheme

(W)n41 ==/ = (w),11)’

1 5 15 1105
/ e 75/2_7 —4 711/2_.”
iz 32" 617 Toms”

and get
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and derive from it

5 385 85085
~ Const.e— 37" (1 2 ,-3/2 -3 _ -9/2 L ...
y ~ Const.e™? 8% T ag0s” 663552~

and the constant is obtained by comparing to (3.68).
The Bessel equation. This is the equation

22y +ay + (2 =1y =0 (3.69)

For v = 0 we get
2y +y +y=0 (3.70)

to which it is easy to apply Laplace’s method. We get
PY) —pY +Y' =0 =Y =C(p>+1)"1/2 (3.71)

We get solutions by taking contours from +oco, around a singularity and back
to infinity in
/ <7 4 (3.72)
—dp )
cpt+1
or around both branch points.

Exercise 3.73 * Find the relations between these integrals (we know that
there are exactly two linearly independent solutions to (3.70)).

To find the asymptotic behavior of an integral starting at oo + i — i€, going
around x = ¢ and then to co 4 7 + i€, we note that this integral equals

0041 —xp ) 00 e~ TS
———dp = 26_”/ ——ds
i VvpE+1 b 0o Vs?+2is

- 1—4¢ 1144 9 1—14
—1T - - - -
‘ \/7?{ VT TRPE T mer T (8.74)
by Watson’s lemma.
Exercise 3.75 * Using the binomial formula, find the general term in the
expansion (3.74).

3.1e 4. Borel-Ritt Lemma

Any asymptotic series at infinity is the asymptotic series in a half plane of
some (many in fact) entire functions. First a weaker result.

Proposition 3.76 Let f(2) = S50, arz" be a power series. There erists a
function f such that f(z) ~ f(z) as z — 0.
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PROOF

The following elementary line of proof is similar to the technique of optimal
truncation of series, a very useful procedure in asymptotics.

By Remark 1.32 we can assume, without loss of generality, that the series
has zero radius of convergence.

For every z define N(z) = max{N : ¥ n < N, |a,z"/?| < 27". We have
N(z) < oo, otherwise, by Abel’s theorem, the series would have nonzero
radius of convergence. Noting that for any n we have nln|z| | —co as 2] | 0
it follows that N(z) is nonincreasing as |z| decreases and that N(z) — oo as
z — 0. Consider

Let N be given and choose zp; |z9| < 1 such that N(z9) > N. For |z| < |2]
we have N(z) > N(zp) > N and thus

N N(z) NGE) 4
’f(z)—Zanzn = Z anz"| < Z |ZJ/2|2—] < |Z‘N/2+1/2
n=0 n=N+1 j=N+1
Using now Lemma 1.13, the proof follows. 0

The function f is certainly not unique. Given a power series there are many
functions asymptotic to it. Indeed there are many functions asymptotic to the
(identically) zero power series at zero, in any sectorial punctured neighborhood
of zero in the complex plane, and even on the Riemann surface of the log on
C\ {0}, e.g. e=="""" has this property in a sector of width 2nr.

Lemma 3.77 (Borel-Ritt) Given a formal power series f = o T
there exists an entire function f(x), of exponential order one, which is asymp-
totic to f in the right half plane, i.c., if ¢ € (—m/2,7/2) then

)~ f asx = ', — 400
fl@)~f pe'®, p

PROOF Let F = Yoo ﬁpk_l, let F'(p) be a function asymptotic to

F as in Proposition 3.76. Then clearly the function

f(a) = / P F(p)dp

is entire, bounded by Const.e/*!, and, by Watson’s Lemma has the desired
properties.



Review of some results in classical asymptotics 53

Exercises.

(1) How can this method be modified to give a function analytic in a sector
of opening 27n for an arbitrary fixed n (not necessarily entire or with given
growth) which is asymptotic to f?

(2) Assume F' is bounded on [0, 1] and has an asymptotic expansion F'(t) ~
Yoo cktt ast — 0T, Let f(z) = fol e~ *PF(p)dp

(a) Find necessary and sufficient conditions on F' such that f, the asymp-
totic power series of f for large positive z, is a convergent series for |z| > R >
0.

(b) Assume that f converges to f. Show that f is zero.

(c) Show that in case (a) if F" is analytic in a neighborhood of [0, 1] then
f=f+e*f1 where fi is convergent for x| > R > 0.

(3) The width of the sector in Proposition 3.77 cannot be extended to a more
than a half plane: Show that if f is entire, of exponential order one, and
bounded in a sector of opening exceeding 7 then it is constant. (This follows
immediately from the Phragmen-Lindel6f principle; an alternative proof can
be derived from elementary properties of Fourier transforms and contour de-
formation.) The exponential order has to play a role in the proof: check that
the function [ e=P*=7" dp is bounded for arg(z) € (=37, 27). How wide can
such a sector be made?

3.2 Oscillatory integrals and the stationary phase method

In this setting, an integral of a function against a rapidly oscillating expo-
nential becomes small as the frequency of oscillation increases. Again we first
look at the case where there is minimal regularity; the following is a version
of the Riemann—Lebesgue lemma.

Proposition 3.78 Assume f € L'[0,2n]. Then fo% et f(t)dt — 0 as x —
Fo00.

It is enough to show the result on a set which is dense in L!. Since trigono-
metric polynomials are dense in C|[0, 27] in the sup norm, and thus in L]0, 27],
it suffices to look at trigonometric polynomials, thus (by linearity), at e*** for
fixed k; the latter integral can be expressed explicitly and gives

2m
/ ettsgtks g — O(z™') for large . ]
0
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No rate of decay of the integral in the Proposition follows without further
knowledge about the regularity of f. With some regularity we have the fol-
lowing characterization.

Proposition 3.79 For n € (0,1] let the C"[0,1] be the Hélder continuous

functions of order n on [0,1], i.e., the functions with the property that there

is some C such that for all z,z’ € [0,1] we have |f(z) — f(z)] < Clz — 2'|".
(i) We have
fecmo,l] =

; 1
s)e*®ds| < §C’7r’7x*77 +0(z7) as * — o0 (3.80)

(ii) If f € L'(R) and |z|"f(x) € L*(R) with n € (0,1], then its Fourier
transform f = [, f(s)em®sds is in C"(R).

(iii) Let f € Ll( ) If z"f € LY(R) with n € N then f is n — 1 times
differentiable, with the n — 1th derivative Lipschitz continuous. If eldelf e
LY(R) then f extends analytically in a strip of width |A| centered on R.

PROOF (i) We have as  — oo (| -| denotes the integer part)

1
f(s)e*sds| =
0
2% -1 (2j+1)ma? _ (2j+2)ma 1 _
Z / f(s)e”sds—i—/ f(s)e™ds || +O(x™1)
j=0 2jmz—1 (2j+1) w1
Lz =1 (2j+1)ma? _
= Z / (f(s) = f(s+m/z))e**ds| + O(z™)
=0 2jmx—1
e m\"7m _1
< IV E < Zopng -1 .
=2 C(x) x_Qwa +O0(z™") (3.81)

(ii) We see that

TS

ixs’
— €

f(

5—8

/7
S
oo

(xs —xs' )"

- | [ e e
(3.82)

is bounded. Indeed, by elementary geometry we see that for |¢; — ¢o| < ™ we
have

|exp(ig1) — exp(iga)| < [p1 — d2| < [P1 — d2|” (3.83)

while for |¢p1 — ¢a| > 7 we see that

|exp(i1) — exp(iga)| < 2 < 2|1 — ¢a|”
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(iii) Follows in the same way as (ii), using dominated convergence. I

Exercise 3.84 Complete the details of this proof. Show that for any n € (0,1]
and all ¢y 2 € R we have |exp(igy) — exp(ida)| < V2|p1 — ¢a|".

Exercise 3.85 (*) (a) Counsider the function f given by the lacunary trigono-
metric series f(2) =31 _on nen k~"e** € (0,1). Show that f € C"[0,27].
One way is to write ¢1 2 as a1,227 7, use the first inequality in (3.83) to esti-
mate the terms in f(¢1) — f(¢2) with n < p and the simple bound 2/k" for
n > p. Then it is seen that f027r e~ f(s)ds = 2rk™" and the decay of the
Fourier transform is exactly given by (3.80).

(b) Use Proposition 3.79 and the result in Exercise 3.85 to show that the
function f() = Y ;_yn nen k7 "t*, analytic in the open unit disk, has no
analytic continuation across the unit circle, that is, the unit circle is a barrier
of singularities for f.

Note 3.86 Dense nondifferentiability is the only way one can get very poor
decay, see also Exercise 3.94.

Notes. In part (i), compactness of the interval is crucial. In fact, the Fourier
transform of an L?(R*) entire function may not necessarily decrease point-
wise. Indeed, the function f(z) = 1 on the interval [n,n+e~"] for n € N and
zero otherwise is in L!(R) and further has the property that el4*l f € L'(R)
for any A € R, and thus F~! f is entire. Thus f is the Fourier transform
of an entire function, it equals F ! f a.e., and nevertheless it does not decay
pointwise as  — oo. Evidently the issue here is poor behavior of f at infinity,
otherwise integration by parts would show decay.

(2) Tt is worth noting that in Laplace type integrals Watson’s Lemma implies
that it suffices for a function to be continuous to ensure an O(z~1) decay of
the integral whereas in Fourier-like integrals, the considerably weaker decay
(3.80) is optimal.

Proposition 3.87 Assume f € C™[a,b]. Then we have

b n n
/ eixtf(t)dt — eiaca chﬂ?_k + eixb dem—k + 0($—n)
“ k=1 k=1

b
+o(z™™) (3.88)

a

(010, (I)Hﬂ”“(t))

PROOF  This follows by integration by parts and the Riemann-Lebesgue
Lemma since
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b

/ "t gyt — (f@ LWL e w)

a

+

((Z__;)): / ’ FM(t)etdt  (3.89)

I

Corollary 3.90 (1) Assume f € C*°[0,2x] is periodic with period 2w. Then
027T ft)emt = o(n=™) for any m >0 as n — +oo,n € Z.
(2) Assume f € C§°la,b], a smooth function which vanishes with all deriva-
tives at the endpoints; then f(x) = f: f(t)eit = o(z™™) for any m > 0 as
T — +00.

Exercise 3.91 Show that if f is analytic in a neighborhood of [a, b] but not
entire, then both series in (3.88) have zero radius of convergence.

Exercise 3.92 In Corollary 3.90 (2) show that limsup, ,__ e®l|f(z)] = oo
for any € > 0 unless f = 0.

Exercise 3.93 For smooth f, the interior of the interval does not contribute
because of cancellations: rework the argument in the proof of Proposition 3.79
under smoothness assumptions. If we write f(s+x/z) = f(s)+ f/'(s)(r/x) +
1 f"(c)(m/x)?* cancellation is manifest.

Exercise 3.94 Show that if f is piecewise differentiable and the derivative
is in L', then the Fourier transform is O(z~1).

3.2.1 Oscillatory integrals with monotonic phase

Proposition 3.95 Let the real valued functions f € C™[a,b] and g € C™{a, b]
and assume g’ # 0 on [a,b]. Then

m

b m
/ f(t)eixg(t)dt — eizg(a) Z Ckxik + RETIQ) Z dkxik +o(z™™) (3.96)
@ k=1 k=1

as © — +oo, where the coefficients ¢, and dp can be computed by Taylor
expanding f and g at the endpoints of the interval of integration.

This essentially follows from Proposition 3.39, since the problem is amenable
by smooth transformations to the setting of Proposition 3.87. Carry out the
details.
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3.3 Stationary phase method

In general, the behavior of oscillatory integrals of the form (3.96) comes
from:

e Endpoints
e Stationary points
e Singularities of f or g.

We consider now the case when g¢(s) has a stationary point inside the in-
terval [a,b]. In this case the main contribution to the integral on the lhs of
(3.96) comes from a neighborhood of the stationary point of g since around
that point the oscillations that make the integral small are less rapid.

We have the following result:

Proposition 3.97 Assume f,g are real valued C*[a,b] functions and that
g'(¢) =0 ¢"(x) #0 on [a,b]. Then for any m € N we have

b 2m
/ f(s)eizg(s)ds — eizg(c) Z Ck$7k/2
@ k=1

+ cizg(a) dex—k + ei79(b) Zekl’_k + O(x—m) (3.98)
k=1 k=1

for large x, where the coefficients of the expansion can be calculated by Taylor
expansion around a,b and c of the integrand as follows from the proof. In
particular, we have

PROOF  Again, by smooth changes of variables, the problem is amenable
to the problem of the behavior of

J= [ H(ue™ du (3.99)

—a
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which is given, as we will see in a moment, by

L im/4
) 100€e H(k) _ )
J ~ E (e_”‘lz/ 7];‘ @) (u+ a)ke”“2du
k>0 —a
. iT/4 ; im/4
) ioc0e H(k) . r00€ H(2k) 0 .
_eua2 A k'(a) (u — G)keszQdu + /_Ooe_iﬂ/4 2k'( )u2kelmu2du

(3.100)

in the sense that J minus a finite number of terms of the series is small on
the scale of the last term kept.
For a conveniently small € we break the integral and are left with estimating
the three integrals problems
—€ a €
Jp = H(u)emuzdu; Ja :/ H(u)eimzdu; Js = H(u)eixuzdu
€

—a —€

By smooth changes of variables, J; is turned into

0.2
/ Hy(v)e™dv (3.101)
€2

where H, H; are smooth. Proposition 3.87 applies to the integral (3.101); Js
is treated similarly. For the second integral we write

™ o gHE Q) [ )
Jy — Z 7]&( ) / uk e dy
1=0 —€

€ 62
= / umHei“zF(u)du = / va_lFl(v)em”du (3.102)
—€ 0

where F is smooth. We can integrate by parts m/2 times in the last inte-
gral. Thus, combining the results from the two cases, we see that J has an
asymptotic series in powers of 2~'/2. Since there exists an asymptotic series,
we know it is unique. Then, the series of J cannot of course depend on an
arbitrarily chosen parameter €. Thus, we do not need to keep any endpoint
terms at +e: they cancel out.

Note It is easy to see that in the settings of Watson’s Lemma and of Propo-
sitions 3.87, 3.95 and 3.97 the asymptotic expansions are differentiable, in
the sense that the integral transforms are differentiable and their derivative
is asymptotic to the formal derivative of the associated expansion.

3.3a  Analytic integrands

In this case, contour deformation is used to transform oscillatory exponen-
tials with decaying ones. A classical result in this direction is the following.
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Proposition 3.103 (Fourier coefficients of analytic functions) Assume
f s periodic of period 2w, analytic in the strip {z : |3(2)| < R} and contin-

uous in its closure. Then the Fourier coefficients c,(2m)~! fo% et f(t)dt are

o(e~ "B for large |n|. Conversely, if ¢, = o(e™!™), then f is analytic in

the given strip.

PROOF We take n > 0 the opposite case being very similar. By analyt-
icity we have

2 iR iR+2m 2r+iR
/ e f(t)dt = / e f(t)dt + / e f(t)dt — / e f(t)dt
0 0 iR 27

The first and last integrals on the rhs cancel by periodicity while the middle
one equals

2m
e_"R/ e f(s+iR)ds = o(e” ") as n — o0
0
The converse is straightforward. I

3.3b  Examples
Ezample 1. Consider the problem of finding the asymptotic behavior of the

integral
s —int ™
I(n) = / 26 _dt = / F(t)dt

—T

as n — o0o. We see by corollary 3.90 that J = o(x~™) for any m € N.
Proposition 3.103 tells us more, namely that the integral is exponentially
small. But both methods only give us upper bounds for the decay, and no
detailed description.

In this simple example however we could simply expand convergently the
integrand and use dominated convergence:

™ 7znt

/ 5 t:/ Z2k lfztn k) _ Z/ 2k: lfzt(n k) _ )

_el
~7 k=0 —

In case n < 0 we get I(n) = 0. If we have = ¢ N instead of n we could try
same, but in this case we end up with

which needs further work to extract an asymptotic behavior in z.
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Exercise 3.104 Make use of the argument below, leading to (3.105) to find
the behavior as y — +o0 of

0 k

a
> ;0 (laf < 1)
k:0y+k

We can alternatively apply a more general method to estimate the integral,
using deformation of contour. The point is to try to express J in terms of
integrals along paths of constant phase of e~**. Then Watson’s lemma would
be applicable. Note that F' is analytic in C\ {—iIn2 + 2k7}xecz and mero-
morphic in C. Furthermore, as N — oo we have F(t —iN) — 0 exponentially
fast. This allows us to push the contour of integration down, in the following
way. We have

% F(t)dt = 2ri res (F(t);t — —iln 2) = —q2®
C

where the contour C of integration is an anticlockwise rectangle with vertices
—7, 7w, —IN + 7, —iN — 7 with N > In2. As N — oo the integral over the
segment from —iN + 7 to —iN — 7 goes to zero exponentially fast, and we
find that

Ft)dt = / Ft)dt - / F(t)dt +727°

—T —T

—Is —xs

ds+m27"

I(z) = —i(e™™ — e~ i@m) /0°° e

ds+7m27% = 251n7r:£/ €
2"'63 0

2+ef

Watson’s Lemma now applies and we have

/Oo e~ s d 1 1 1 n 1 4 5 7 4
——ds~ — — — — —

0 2+e° 3z 9x2  27x3  27x*  8lx® 24326

and thus

11 1 1 5 7
o 11 - ) (3.105
(z) ~ 2sinmz (3::: 022 ~ 2727 272 | 8lzd | 24320 | ) (3109

whenever the prefactor in front of the series is not too small. More generally,
the difference between I(z) and the m-th truncate of the expansion is o(x~™).
Or, the function on the left hand side can be decomposed in two functions
using FEuler’s formula, each of which has a nonvanishing asymptotic expansion.
This is the way to interpret similar asymptotic expansions, which often occur
in the theory of special functions, when the expansions involve trigonometric
functions. But none of these characterizations tells us what happens when
the prefactor is small. Does the function vanish when sinmax = 0?7 Not for
n > 0. Another reason to be careful with relations of the type (3.105).
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3.3b .1 Note on exponentially small terms

In our case we have more information: if we add the term 72~% to the
expansion and write

I(z) ~ 2si Lo L, 1.0 T ) 4m2

~ 2sin — - — = —

v T0\32 922 2728 T 2721 T R1z5 2435 T
(3.106)

then the expansion is valid when x — +o00 along the positive integers, a rather
trivial case since only 727% survives. But we have trouble interpreting the
expansion (3.106) when z is not an integer! The expression (3.106) is not of
the form (1.8) nor can we extend the definition to allow for 7277 since 2% is
asymptotically smaller than any term of the series, and no number of limits
as in Definition 1.11 would reveal it. We could try to subtract out first the
whole series preceding the exponential from I(x) to see “what is left”, but
this subtraction is not well defined either since the series has zero radius of
convergence. (The divergence follows from the fact that the term of order k
of the series is, by Watson’s Lemma, k! times the Maclaurin coefficient of the
function (2 + e*)~! and this function is not entire.)

We may nevertheless have the feeling that (3.106) is correct “somehow”.
Indeed it is, in the sense that (3.106) is the complete transseries of J, as we

will see in Chapter 4.
*

3.4 Steepest descent method

Consider the problem of finding the large x behavior of an integral of the
form

/ f(5)e™®ds (3.107)
c

where ¢ is analytic and f is meromorphic in a domain in the complex plane
of the contour C' and z is a large parameter.

As in the Example 1 on p. 59, the key idea is to use deformation of contour
to bring the integral to one which is suitable to the application of the Laplace
method. We can assume without loss of generality that z is real and positive.

(A) Let g = u + v and let us first look at the simple case where C’ is a
curve such that v = K is constant along it. Then

1
[(8)e™Pds = ™ [ f(s)e""ds = ™ / FOy()em O/ (t)at
c’ c’ 0
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is in a form suitable for Laplace’s method.

The method of steepest descent consists in using the meromorphicity of
f, analyticity of g to deform the contour of integration such that modulo
residues, the original integral can be written as a sum of integrals of the type
C’ mentioned. The name steepest descent comes from the following remark.
The lines of v =constant are perpendicular to the direction of Vuv. As a
consequence of the Cauchy-Riemann equations we have Vu - Vv = 0 and thus
the lines v =constant are lines of steepest variation of u therefore of |e®9()|.
On the other hand, the best way to control the integral is to go along the
descent direction. The direction of steepest descent of u is parallel to —Vu.
Thus the steepest descent lines are the integral curves of the ODE system
ODEs

&= —uy(z,y); y= _uy(x7y) (3.108)

We first look at some examples, and then discuss the method in more gener-
ality.
Ezample 2. The Bessel function Jy(£) can be written as %Re I, where

/2 )
I= / el costt (3.109)
—m/2

Suppose we would like to find the behavior of Jy(§) as £ — 4o0. It is conve-
nient to find the steepest descent lines by plotting the phase portrait of the
flow (3.108), which in our case is

& = —coszsinhy; ¢ = —sinzcoshy (3.110)

and which is easy to analyze by standard ODE means.

—m/24ic0 ) m/2—ico
I = / ezfcostdt + / ezécostdt+ / ezEcostdt (3-111)
—m/2 ¥ /2

as shown in the figure.

All the curves involved in this decomposition of I are lines of constant imag-
inary part of the exponent, and the ordinary Laplace method can be applied
to find their asymptotic behavior for £ — +oo (note also that the integral
along the curve =, called Sommerfeld contour, is the only one contributing
to Jy, the other two being purely imaginary, as it can be checked by making
the changes of variable t = —m/2 £ is). Then, the main contribution to the
integral comes from the point along v where the real part of the exponent is
maximum, that is 2 = 0. We then expand cost =1 —t2/2 + t*/4] + - - - keep
the first two terms in the exponent and expand the rest out:
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=1 1

FIGURE 3.1: Relevant contours for Jj

/ et ~ et / e*i£t2/2(1 gt /4l - )dt
v ¥
soe—im/4
~ / T2 gt /Al 4 dE (3.112)
coedin/4
and integrate term by term. Justifying this rigorously would amount to re-
doing parts of the proofs of theorems we have already dealt with. Whenever

possible, Watson’s Lemma is a shortcut, often providing more information as
well. We will use it for (3.109) in Example 4.
*

Ezample 3. We know by Watson’s Lemma that for a function F' which has a
nontrivial power series at zero, LF = fooo e *PF(p)dp decreases algebraically
as x — 0o. We also know by Proposition 2.6 that regardless of F # 0 € L', LF
cannot decrease superexponentially. What happens if F' has a rapid oscillation
near zero? Consider for z — +o0o the integral

I:= / e P cos(1/p)dp (3.113)
0
It is convenient to write

I = %/ e~ "Pe”Pdp = R, (3.114)
0
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FIGURE 3.2: Constant phase lines for ¢ + i/t passing through the saddle
point t = ﬂ

To bring this problem to the steepest descent setting, we make the substitu-
tion p = t/y/x. Then I; becomes

o0
L = x_l/g/ e~ VEtHID e=i/p gy (3.115)
0

The constant imaginary part lines of interest now are those of the function
t 4 i/t. This function has saddle points at (t +i/t)’ = 0 ie. t = £i. We
see that t = v/i = to is a maximum point for —Rg := —R(¢ + i/t) and the
main contribution to the integral is from this point. We have, near t = tg
g=g(to) + 39" Vto(t — to)* + - -+ and thus

. o0 1 )

I ~ x—l/Qe—ﬁ““)ﬁ/ exp [(—2 + ;) V2x(t — to)Q} (3.116)
and the behavior of the integral is, roughly, e~V*, decaying faster than powers
of x but slower than exponentially. The calculation can be justified mimicking
the reasoning in Proposition 3.23. But this integral too can be brought to a
form suitable for Watson’s Lemma, as in (B) below.

Exercise 3.117 Finish the calculations in this example.
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FIGURE 3.3: Steepest descent lines for R[i cos(z + iy)]

3.4a  Some general remarks about steepest descent lines

Assume for simplicity that g is nonconstant entire and f is meromorphic.
We can let the points on the curve C' = (z¢(7),y0(7)); 7 € [0, 1] evolve with
(3.108) keeping the endpoints fixed. More precisely, at time ¢ consider the
curve t — C(t) = C; UCy U C3 where C = (2(s,20(0)),y(s,y0(0)); s € [0,1),
Cy = x(t,zo(7)),y(t,yo(7)), 7 € (0,1)) and C3 = (x(s,z0(1)),y(s,y0(1)); s €
[0,%). Clearly, if no poles of f are crossed,

/ f(s)e™9) ds = f(s)e™®)ds (3.118)
c c(t)

We can see that z(t,zo(7)) = (x(¢,20(7)),y(t,20(7))) has a limit as ¢ — oo
on the Riemann sphere, since u is strictly decreasing along the flow:

%u(x(t), y(t)) =—ul — uz (3.119)

There can be no closed curves along which v = K =const. or otherwise we
would have v = K. since v is harmonic. Thus steepest descent lines extend to
infinity. They may pass through saddle points of u (and g: Vu=0= ¢ =0)
where their direction can change non-smoothly. These are equilibrium points
of the flow (3.108).
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Define S as the smallest forward invariant set with respect to the evolution
(3.108) which contains (x¢(0), y(0)), all the limits in C of z(t, zo(7)) and the
descent lines originating at these points. The set S is a union of steepest
descent curves of u, § = U7_,C}; and, if s; are poles of f crossed by the curve

C(t) we have, under suitable convergence assumptions?,

n'<n

/f(s)e””g(s)ds: Z/ f(s)ewg(s)ds—i—Qm'ZRes(f(s)ewg(s))szsj (3.120)
c = o ;

and the situation described in (A) above has been achieved.
One can allow for branch points of f, each of which adds a contributions of
the form

/ 5f(s)e™ D ds
c

where C' is a cut starting at the branch point of f, along a line of steepest
descent of g, and ¢ f(s) is the jump across the cut of f.

3.4b Reduction to Watson’s Lemma

It is often more convenient to proceed as follows.

We may assume we are dealing with a simple smooth curve. We assume
g’ # 0 at the endpoints (the case of vanishing derivative is illustrated shortly
on an example). Then, possibly after an appropriate small deformation of C
we have ¢’ # 0 along the path of integration C' and g is invertible in a small
enough neighborhood D of C. We make the change of variable g(s) = —7
and note that the image of C' is smooth and has at most finitely many self-
intersections. We can break this curve into piecewise smooth, simple curves.
If the pieces are small enough, they are homotopic to straight lines; we get

N enin d
Z/ F(s(7)) e*“dfde (3.121)
n=1Y¢n

We calculate each integral in the sum separately. Without loss of generality
we take n =1, ¢y =0 and ¢y = 4:

I = /O F(s(r))e™7s/ (1)dr (3.122)

1Convergence assumptions are required, as can be seen by applying the described procedure
to very simple integral
i —z
/ e’ dz
0

The procedure described in (B) is better in many respects.
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The lines of steepest descent for I; are horizontal, towards +o0o. Assuming
suitable analyticity and growth conditions and letting H(7) = f(s(7))s'(7)
we get I equals

dj+oo
—2mi ) Res (H(r)e ) _, + > /d SH(m)e ™ dr (3.123)

i i

where the residues come from poles of H in the strip S ={z+iy:z >0,y €
[0,1]}, while d; are branch points of H in S, assumed integrable, and éH
denotes the jump of H across the branch cut. If more convenient, one can
alternatively subdivide C such that ¢’ is nonzero on the (open) subintervals.
Ezample 4. In the integral (3.109) we have, using the substitution cost = ir,

/w/Q " . w/2 " . 0 6757- oo 6757'
e's St = 2/ eSOt dt = =24 ——dT =2 —dr
—/2 0 —i V14712 o V1+72
—i+00 —&T [e'e) —&T oo —E&s
e & : (&
— 27 ——dr = Qi/ ——dr — 22'615/ —ds
—i V1+ 72 0o V1+72 0 V—2is+ s?

(3.124)

to which Watson’s Lemma applies.
Exercise. Find the asymptotic behavior for large x of

1 iTs
e
d
/,1 s2+1 5

3.5 Asymptotics of Taylor coefficients

There is dual relation between the behavior of the Taylor coefficients of an
analytic function and the structure of its singularities in the complex plane.
We will study a few examples in which this relationship is exhibited.

Proposition 3.125 Assume f is analytic in the open disk of radius R + €
with N cuts z, = Re**, and in a neighborhood of z, f has a convergent
Puiseuz series

F(2) = (2= 257 A @)+ (2 — )0 A (2) 4 A, (2)
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FIGURE 3.4: Deformation of the Cauchy contour.

where A[1n]7~-~7A£Z]+1 are analytic in a neighborhood of z = z, (and we can

assume ﬁz[n] ZNU{0}). With c;, = f*)(0)/k!, we have

00 C[l]

N oo ]
o p—k —ike g1 il —pli_1 Cjsm
ek ~R ;e o Ltk Zo % (3.126)
Z J i=

0

, [n] .
where the coefficients cj?m can be calculated from the Taylor coefficients of the
functions A[ln], ...7A£Z], and conversely, this asymptotic expansion determines

the functions A[ln], e Am].

PROOF We have
1[I,
2w J sk+1

where the contour is a small circle around the origin. This contour can be
deformed, by assumption, to the dotted contour in the figure. The integral
around the circle of radius R + € can be estimated by

(s
fop,

Ck

1
21

<fle(R+6)7F 1 = O((R+6)7)
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and does not participate in the series (3.126), since it is smaller than R~F
times any power of k, as k — oo. Now the contribution from each singularity
is of the form

L),

2 B, Sk+1

where B; is an open dotted box around the branch cut at Re’® as in the
figure, so it is enough to determine the contribution of one of them, say z;.
By the substitution f;(z) = f(Re'®1z), we reduce ourselves to the case R = 1,
¢ = 0. We omit for simplicity the superscript “/11”.

The integral along B; is a sum of integrals of the form

1
5 C(s —1)PA(s)s Ftds (3.127)

We can restrict ourselves to the case when ( is not an integer, the other case
being calculable by residues.

Assume first that (i) R(8) > —1. We then have

. 1+e€
i (s —1)PA(s)sFlds = femﬂM/ (s —1)PA(s)s *lds
2m Jo m 1

(3.128)
with the branch choice In(s —1) > 0 for s € (1,00). It is convenient to change
variables to s = e*. The rhs of (3.128) becomes

o In(1+4€) u_q B

—emﬁw/ uf (e ) Ae")e " du (3.129)
™ 0 u

where A(e") and [u~!(e* — 1)} are analytic at u = 0, the assumptions of

Watson’s Lemma are satisfied and we thus have

/C(s —1)PA(s)s ™ s ~ kTS % (3.130)
=0

where the d; can be calculated straightforwardly from the Taylor coefficients
of Aju=!(e* — 1)]”. The proof when R3 < —1 is by induction. Assume that
(3.130) holds for all for R(3) > —m with 1 < my < m. One integration by
parts gives
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(s —1)8+1

—k—1
11 A(s)s le

/ (s —1)PA(s)s ™ lds =
c

1 e n
_m/c(s—l)ﬁJrl[A(s)s F1ds = O((R +¢) 1)
+ klﬁ‘:l{k /C(s — 1) A(s)sTF2ds — ﬁ /C(s C DB (s)sF 1 ds

(3.131)

By assumption, (3.130) applies with 3 + 1 < § to both integrals in the last
sum and the proof is easily completed.

3.6 Singularities of differential equations

We first review briefly some basic notions about singularities of linear differ-
ential equations.

3.6a Linear meromorphic differential equations. Regular
and irregular singularities

A linear meromorphic m-th order differential equation has the canonical
form

y™ 4 B, _1(x)y"™ Y + ... + Bo(z)y = B(x) (3.132)

where the coefficients B;(x) are meromorphic near xo. We note first that any
equation of the form (3.132) can be brought to a homogeneous meromorphic
of order n=m+1

Y™ 4+ Chq(2)y™ ) + L+ Co(x)y =0 (3.133)

by applying the operator B(a:)%ﬁx) to (3.132). We want to look at the
possible singularities of the solutions y(z) of this equation. Note first that by
the general theory of linear differential equations (or by a simple fixed point
argument) if all coefficients are analytic at a point g then the general solution
is also analytic. Such a point is called regular point. Solutions of linear ODEs
can only be singular because of singularities in the coefficients.

The main distinction is made with respect to the type of local solutions,
whether they can be expressed as convergent asymptotic series (regular sin-
gularity) or not (irregular one).
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Theorem 3.134 [Frobenius| If near the point x = xq the coefficients C,,_;,
j = 1l..n can be written as (x — x¢) J An_j(x) where A,_; are analytic, then
there is a fundamental system of solutions in the form

N,
Ym(z) = (& —29)™™ Y (In(x — 20)) Bjm(x) (3.135)
j=0
where Bj,y, are analytic in an open disk centered at xo with radius equal to the
distance from xo to the first singularity of A;. The powers ry, are solutions
of the indicial equation
r(r=1) - (r—n+1)+ A, 1(xo)r(r—=1)---(r—=n+2)+...4+ Ag(xo) =0
Furthermore, logs appear only in the resonant case, when two (or more) char-
acteristic roots r,, differ by an integer.

A straightforward way to prove the theorem is by induction on n. We can
take zg = 0. Let rj; be one of the indicial equation solutions. A transfor-
mation of the type y = 2™ f reduces the equation (3.133) to an equation
of the same type, but where one characteristic root is zero. One can show
there is an analytic solution f; of this equation by inserting a power series,
identifying the coefficients and estimating the growth of the coefficients. The
substitution f = fo [ g(s)ds gives an equation for g which is of the same type
as (3.133) but of order n — 1. We will not go into the details of the general
case but instead we will illustrate the approach on the simple equation

x(z—1)y" +y=0 (3.136)

around z = 0. The indicial equation is r(r — 1) = 0 (a resonant case).
Substituting yo = Y re g cxz® in the equation and identifying the powers of x
yields the recurrence

k*—k+1

k(k+1)
with ¢ = 0 and ¢; arbitrary. By linearity we may take ¢c; = 1 and by induction
we see that 0 < ¢ < 1. Thus the power series has radius of convergence at
least 1. The radius of convergence is in fact exactly one as it can be seen
applying the ratio test and using (3.137); the series converges exactly up to
the nearest singularity of (3.136).

Ck+1 = Ck (3.137)

Exercise 3.138 What is the asymptotic behavior of ¢ as k — co?

We let yo = yo [ g(s)ds and get for g the equation

/
g +2%05-0 (3.139)
Yo

and, by the previous discussion, 2y /yo = 2/x + A(z) with A(z) is analytic.
The point 2z = 0 is a regular singular point of (3.139) and in fact we can check
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that g(z) = C12~2B(z) with C; an arbitrary constant and B(x) analytic at

z =0. Thus [ g(s)ds = Ci(a/z+bln(x)+ Ay (x))+Cy where A () is analytic

at x = 0. Undoing the substitutions we see that we have a fundamental set of

solutions in the form {yo(z), B1(z)+ Bz (z) Inz} where By and Bj are analytic.
A converse of this theorem also holds, namely

Theorem 3.140 (Fuchs) If a meromorphic linear differential equation has,
at x = xg, a fundamental system of solutions in the form (3.135), then xq is
a regular singular point of the equation.

Instead for irregular singularities at least one formal solution contains diver-
gent power series and /or exponentially small (large) terms. The way divergent
power series are generated by the higher order of the poles is illustrated below.
Example. Consider the equation

Y+ ly=1 (3.141)

which has an irregular singularity at = 0 since the order of the pole in
Co = 72 exceeds the order of the equation. Substituting y = >reo crx® we
get cg = ¢ =0, co = 1 and in general the recurrence

Crt1 = —kcg

whence ¢ = (—1)¥(k — 1)! and the series has zero radius of convergence. (It
is useful to compare this recurrence with the one obtained if 272 is replaced
by 21 or by 1.) The associated homogeneous equation 3’ +x~2y = 0 has the
general solution y = C'e'/* with an exponential singularity at = = 0.

3.6b  Singularities of nonlinear differential equations; formal
Painlevé property

For nonlinear differential equations, the solutions may be singular at points
x where the equation is regular. Indeed, for example, the equation

y =y +1
has a one parameter family of solutions y(z) = tan(x + C); each solution
has infinitely many poles. Since the location of these poles depends on C,
thus on the solution itself, these singularities are called mowable or sponta-
neous. Painlevé studied the problem of finding differential equations, now
called equations with the Painlevé property , whose only movable singulari-
ties are poles?. There are no restriction on the behavior at singular points

2There is no complete agreement on what the Painlevé property should require and Painlevé
himself apparently oscillated among various interpretations; certainly movable branch
points are not allowed, but often the property is understood to mean that all solutions
are single-valued on a common Riemann surface.
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of the equation. The solutions of such an equation have a common Riemann
surface simple enough we can hope to understand globally.

We also note that the Painlevé property guarantees some form of integra-
bility of the equation, in the following sense. If we denote by Y (z;xo; Cy, Cs)
the solution of the differential equation y” = F(z,y,y’) with initial condi-
tions y(x0) = C1,'(w0) = Cy we see that y(z1) = Y (z1;2;y(x), v/ (x)) is
formally constant along trajectories and so is y'(z1) = Y/ (x1;z;y(x), v (z)).
This gives thus two constants of motion in C provided the solution Y is well
defined almost everywhere in C, i.e., if Y is meromorphic.

On the contrary, “randomly occurring” movable branch-points make the
inversion process explained above ill defined.

This does not of course entail that there is no constant of motion. However,
the presence of spontaneous branch-points does have the potential to prevent
the existence of well-behaved constants of motions for the following reason.
Suppose yo satisfies a meromorphic (second order, for concreteness) ODE and
K(z;y,y’) is a constant of motion. If xg is a branch point for yg, then yo
can be continued past xy by avoiding the singular point, or by going around
o any number of times before moving away. This leads to different branches
(yo)n of yo, all of them, by simple analytic continuation arguments, solutions
of the same ODE. By the definition of K(z;y,y’) however, we should have
K(z; (Yo)n, (Wo)h) = K(x;y0,y,) for all n, so K assumes the same value on
this infinite set of solutions. We can proceed in the same way around other
branch points x1, xa, ... possibly returning to xg from time to time. Generi-
cally, we expect to generate a family of (yo)nl,,,,nj which is dense in the phase
space. This is an expectation, to be proven in specific cases. To see whether
an equation falls in this generic class M. Kruskal introduced a test of nonin-
tegrability, the poly-Painlevé test which measures indeed whether branching
is “dense”. Properly interpreted and justified the Painlevé property measures
whether an equation is integrable or not.

Local analysis of Painlevé’s equation P1 near a singularity. We write
P1 in the form
V' =yt (3.142)

We look at the local behavior of a solution that blows up, and will find so-
lutions that are meromorphic but not analytic. In a neighborhood of a point
where y is large, keeping only the largest terms in the equation (dominant
balance ) we get "' = y? which can be integrated explicitly in terms of ellip-
tic functions and its solutions have double poles. Or, we could have instead
searched for a power-like behavior

y ~ A(x — xo)P

where p < 0 obtaining, to leading order, the equation Ap(p — 1)zP=2 = A%p?
which gives p = —2 and A = 6 (the solution A = 0 is inconsistent with our
assumption). Let’s look for a power series solution, starting with 6(z —x¢) =2 :

=6(x—x0) 2 +cq(x—m9) P H+co+--. Weget: c.1 =0,c0=0,c1 =
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0,c0 = —x¢/10,¢c5 = —1/6 and ¢4 undetermined, thus free. Chosing a ¢4, all
others are uniquely determined.

To show that there indeed is a convergent such power series solution, we
apply a successive correction method. Substituting y(z) = 6(z — 1) "2+ 6(z)
where for consistency we should have §(z) = o((x — z0)~2) and taking z =
o + z we get the equation

12
5 = ?6+z+x0+62 (3.143)

Note now that our assumption § = o(z~2) makes §2/(§/2%) = 226 = o(1)
and thus the nonlinear term in (3.143) is relatively small (Thus, to leading
order, the new equation is linear. This is a general phenomenon: taking out
more and more terms out of the local expansion, the correction becomes less
and less important, and the equation is better and better approximately by a
linear equation.) It is then natural to separate out the large terms from the
small terms and writing a fixed point equation for the solution based on this
separation. We write (3.143) in the form

12
o — Z0=z+w0+ 52 (3.144)

and integrate as if the right side was known. This leads to an equivalent
integral equation. Since all unknown terms on the right side are chosen to
be relatively smaller, by construction this integral equation is expected to be
contractive.

The indicial equation for the Euler equation corresponding to the left side
of (3.144) is 72 — r — 12 = 0 with solutions 4, —3. By the method of variation
of parameters we thus get

D 1 9 1 4 4 L (% 4 L gy
6:7;3_7103:02 ~ 57 +Cz T3 . 570 (S)d5+7 ) §770%(s)ds
1 1
— _71096“22 - 623 +Cz + J(8) (3.145)

the assumption that § = o(z72) forces D = 0; C is arbitrary. To find &
formally, we would simply iterate (3.145) in the following way: We take r = 0
first and obtain §g = —%xozz - %23 +Cz*. Then we take r = 53 and compute
91 from (3.145) and so on. This yields:

5:—ix z2—1z3+C’z4+ i ST (3.146)
10°° 6 1800 900 '

This series is actually convergent. To see that, we scale out the leading power
of z in §, 22 and write § = z?u. The equation for v is
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-5 z 2 z
=t twe - [T T [ el
o z 2
_ T o2y 3.147
N E 0PI (3147)

Tt is straightforward to check that, given C large enough (compared to /10
etc.) there is an e such that this is a contractive equation for w in the ball
|lul]|lo < C1 in the space of analytic functions in the disk |z| < e. Our conclu-
sion is that ¢ is analytic and that y is meromorphic near z = xy.

Thus the equation P; has the local Painlevé property.

Note. The full Painlevé property requires that y is globally meromorphic,
and we did not prove this. That indeed y is globally meromorphic is in fact
true, but the proof is delicate (see e.g. [1]).

Generic equations fail even the local Painlevé property. For instance, for
the simpler, autonomous, equation

"+ =0 (3.148)

the same analysis yields a local behavior starting with a double pole, f ~
—6272. Taking f = —6272+6(z) with § = o(2~2) again leads to a nearly linear
equation for § which can be solved by convergent iteration, using arguments
similar to the ones above. The iteration is now (for some a # 0)

1 z 4 z
0= % + Ozt — 75 ), s*6(s)ds + %/a s735(s)ds (3.149)
but now the leading behavior of § is larger, § = %. Iterating in the same way

as before, we see that this will eventually produce logs in the expansion for §
(it first appears in the second integral, thus in the form z*Inz). We get

6 1z 72 9 4 117

5z a0 * 250 * 5000 * 75OOOZ 2187500

2 In(z) + Cz* 4 ... (3.150)

where later terms will contain higher and higher powers of In(z). This is
effectively a series in powers of z and In z a simple example of a transseries,
which is convergent as can be straightforwardly shown using the contractive
mapping method, as above. In any case, (3.148) does not have the Painlevé
property. This log term shows that infinitely many solutions can be obtained
just by analytic continuation around one point, and suggests the equation is
not integrable.
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3.7 Singular perturbations
3.7a Introduction to the WKB method

If the order of the poles of a linear systems are higher than in a regular
singularity, Fuchs’s theorem shows that a fundamental set of solutions cannot
be found in terms of convergent Frobenius series. What is the nature of the
solutions then?

We start with a simple example which fails the assumptions of Theo-
rem 3.134 namely,

2+ f=0 (3.151)

The general solution is f(z) = Ce™'/*. We see that in a neighborhood of
z = 0, the solution cannot be expanded in a Taylor or Frobenius series in
powers of z (a Laurent series is not of the form (3.135)). More generally, (at
least formal) solutions of meromorphic equations that fail the assumptions of
Theorem 3.134 can be written in terms of combinations of exponentials and
Frobenius-like series (which, this time, may diverge). A formal solution of the
equation

2f 4+ f=—2 (3.152)

is
o0
> k(=2 (3.153)
k=0
Consider now the second order equation
2y +y=0 (3.154)

Based on the previous example, we may expect solutions roughly behaving
like e=2%". Here b < 0, otherwise the exponential can be reexpanded and
we are dealing with usual power series solutions. If that is the case, then a
substitution of the form y = e" should bring the equation to one in which
power series solutions are to be expected.

In problems depending analytically on a small parameter, internal or ex-
ternal, the dependence of the solution on this parameter may be analytic
(regular perturbation) or not (irreqular perturbation). In ordinary differen-
tial equations, singular perturbations happen when the small perturbation is
such that, in a formal series solution, the highest derivative is formally small.
In a formal successive approximation scheme then, small terms, the highest
derivative included, should be placed on the rhs and iterated upon. This, as
we have seen already in many examples, leads to divergent expansions. Furt-
thermore, there should exist formal solutions other than power series, since
the procedure above obviously yields a space of solutions of dimensionality
strictly smaller than the degree of the equation.
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An example is the Schrodinger equation

—e2" + V(x) — B =0 (3.155)

for small €, which will be studied in more detail later. In an e-power series,
" is subdominant 3. The leading approximation would be (V(z) — E)y = 0
or ¢ = 0 which is not an admissible solution.

Similarly, in

22 f + f = 2? (3.156)
the presence of 22 in front of f’ makes f’ subdominant if f ~ P for some p.
In this sense the Airy equation (3.172) below, is also singularly perturbed, at
x = oo. It turns out that in many of these problems the behavior of solutions
is exponential in the parameter, generically yielding what level one transseries,
studied in the sequel, of the form Qe’ where P and Q have algebraic behavior
in the parameter. An exponential substitution of the form f = e should then
make the leading behavior algebraic.

3.7b  Singularly perturbed Schrodinger equation. Setting
and heuristics

We look at (3.155) under the assumption that V' € C*°(R) and would like
to understand the behavior of solutions for small e.
3.7b .1 Heuristics

Assume V' € C* and that the equation V(zp) = E has finitely many
solutions.
Applying the WKB transformation ¢ = e* we get

—ew” — " +V(z) — E=—&w” — ' + Uz) =0 (3.157)

where, near an xy where
U(xzg) #0 (3.158)

the only consistent balance* is between —e2w' and V() — E with e2w” much
smaller than both. For that to happen we need

U 'h' <1 where h=uw' (3.159)

3Meaning that it is asymptotically much less than other terms in the equation.

4As the parameter, € in our case, gets small, various terms in the equation contribute
unevenly. Some become relatively large (the dominant ones) and some are small (the
subdominant ones). If no better approach is presented, one tries all possible combinations,
and rules out those which lead to conclusions inconsistent with the size assumptions made.
The approach roughly described here is known as the method of dominant balance [3]. It
is efficient but heuristic and has to be supplemented by rigorous proofs at a later stage of
the analysis.
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We place the term €2h/ on the right side of the equation and set up the
iteration scheme

h2 =e2U—~h,_;; ho1=0 (3.160)
or
U 2h!
hy = g 1- GT’H hoy=0 (3.161)

Under the condition (3.159) the square root can be Taylor expanded around

1,
Vv 1,0 1 N
hn:iTU <1—262 7&1—864< ’&1) +> (3.162)

We thus have

ho = e U2 (3.163)
h 10U
hy = +e U2 (1 + EQU(,)) =+ U2 - 1T (3.164)
11U 5 U)? 1 U”
_ —1r71/2 _ - ¥ _ -
hy = +e U 4U+e< 5157 T 579 (3.165)

and so on. We can check that the procedure is formally sound if 2U'hj) < 1
or

U'U3? <« 1 (3.166)
Formally we thus have
w:ie_l/U1/2(s)ds—ian+~-- (3.167)
and thus
W ~ U—1/4e:te’1 JUY?(s)ds (3.168)

If we include the complete series in powers of € in (3.168) we get
1 ~ exp <j:el / U1/2(5)ds> U4 (L4 eFi(z) + P (x) +...)  (3.169)

There are two possibilities compatible with our assumption about zg, namely
V(zo) > E and V(zg) < E. In the first case there is (formally) an exponen-
tially small solution and an exponentially large one, in the latter two rapidly
oscillating ones.
The points where (3.166) fails are called turning points. Certainly if |U(z1)| >

d, then (3.166) holds near x;, for ¢ small enough (depending on §). In the
opposite direction, assume U'U3/2 = ¢ is bounded; integrating from zq + €
to x we get —2(U(2)™Y/2 4+ U(x1)7Y/2) = [ ¢(s)ds, and thus U(zg +¢€)71/? is
uniformly bounded near zy. For instance if U has a simple root at z = 0, the
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only one that we will consider here (but multiple roots are not substantially
more difficult) then condition (3.166) reads

x> ¥? (3.170)

The region where this condition holds is called outer region. In a small re-
gion where (3.166) fails, called inner region, a different approximation will
be sought. We see that V(z) — E = V'(0)z + 22h(x) =: ax + 2?h(x) where
h(z) € C>*(R). We then write

—2" + ar = —2*h(2)Y (3.171)

and treat the rhs of (3.171) as a small perturbation. The substitution z = ¢2/3¢
makes the leading equation an Airy equation:

—p" 4+ at) = =B (P t)y (3.172)

which is a regularly perturbed equation! For a perturbation method to apply,
we merely need that 22h(x) in (3.171) is much smaller than the lhs, roughly
requiring x < 1. This shows that the inner and outer regions overlap, there is
a subregion —the matching region— where both expansions apply, and where,
by equating them, the free constants in each of them can be linked. In the
matching region, mazimal balance occurs, in that a larger number of terms
participate in the dominant balance. Indeed, if we examine (3.157) near = 0,
we see that w'? > w” if e 2z > e '271/2, where we used (3.163). In the
transition region, all terms in the middle expression in (3.157) participate
equally.

3.7c  Outer region. Rigorous analysis
We first look at a region where U(x) is bounded away from zero. We will
write U = F2.

Proposition 3.173 Let F € C*°(R), F? € R, and assume F(x) # 0 in [a,b].
Then for small enough € there exists a fundamental set of solutions of (3.155)
in the form

1y = &4 (z;€) exp [:I:e1 /F(S)ds] (3.174)
where @4 (x;€) are C* in e > 0.
PROOF We show that there exists a fundamental set of solutions in the

form

Yy = exp [te 'Ry (z;€)] (3.175)
where Ry (x;€) are C* in e. The proof is by rigorous WKB.
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Note first that linear independence is immediate, since for small enough €
the ratio of the two solutions cannot be a constant, given their e behavior.

We take 1) = €“/€ and get, as before, to leading order w’ = +F. We look at
the plus sign case, the other case being similar. It is then natural to substitute
w' = F + §; we get

8 +2 ' FS = —F' — 162 (3.176)

which we transform into an integral equation by treating the rhs as if it
was known and integrating the resulting linear inhomogeneous differential
equation. Setting H = [ F' the result is

z 2 s 1 2H z 2 s
d=—e "¢ F'(s)e s — S / 5 (s)e 2 ds = J(0) =: 8o+ N (9)
€ a

‘ (3.177)
We assume that F' > 0 on (a,b), the case F' < 0 being very similar. The case
F € 4R is not too different either, as we will explain at the end.
Let now [|[F'||c = A in (a, b) and assume also that minge(, ) |U(s)| = B? >
0.

Lemma 3.178 For small €, the operator J is contractive in a ball B := {0 :
0o < 24B-1¢}

PROOF i) Preservation of B. We have

|60(z)] SAe’%H(“’)/ e2 ) g
By assumption, H is increasing on (a,b) and H' # 0 and thus, by the
Laplace method, cf. Proposition 3.17, for small € we have (since H' = /U),

2@

. < eAB!
ZH(x) €

|60(2)| < 24e~ H (=

Note We need this type of estimates to be uniform in z € [a,b] as e — 0. To
see that this is the case, we write

’ 2H(s) gg — ’ %H(S)QF(S) S
/ae S /ae c QF(S) S

Similarly,
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<2e2A2B73

1 v s
,e—¥/ 52(3)62He( L ds
€ a

and thus, for small € and 6 € B we have

J(6) < e 'ABTt + 22 A?B7? < 2¢AB7!

ii) Contractivity. We have, with 61,02 € B, using similarly Laplace’s
method,

2H(s)

76) = TG < 2 [ 150) = B19)1als) + 515 s

2eA
< Sz lloa —aif - (3.180)

and thus the map is contractive for small enough e.

I

Note. We see that the conditions of preservation of B and contractivity allow
for a dependence of (a,b) on e. Assume for instance a,b > 0, V(z) = F has
no root in [a,b + ) with v > 0, and that a is small. Assume further that
V(0) = E is a simple root, V'(0) = a # 0. Then for some C > 0 we have
B > Cm?2a? and the condition of contractivity reads

2
“lal

|af?

ie. a > (¢/|a])?? and for small enough e this is also enough to ensure
preservation of B. We thus find that the equation 6 = J(J) has a unique
solution and that, furthermore, ||| < const.c. Using this information and
(3.180) which implies

eA _
[l J(8)] < §2AB le

we easily get that, for some constants C; > 0 independent on €,

|5 - 5o| S 016|5| S 016|50| + 016|5 — (50|
and thus
|6 — do| < Caeldo|
and thus, applying again Laplace’s method we get
—eF’

6?‘\./
2F

(3.181)

which gives
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P ~ exp (:I:e_l/Ul/Q(s)ds> U4

The proof of the C'*° dependence on € can be done by induction, using (3.181)
to estimate 62 in the fixed point equation, to get an improved estimate on §,
etc.

In the case F' € iR, the proof is the same, by using the Stationary Phase
method instead of the Laplace Method.
[

3.7d Inner region. Rigorous analysis

By rescaling the independent variable we may assume without loss of gen-
erality that « = 1 in (3.172) which we rewrite as

—" 1t = —E2B32hy (23)0 = f(1) (3.182)

which can be transformed into an integral equation in the usual way,

B(t) = —Ai(t) / £(5)Bi(s)ds + Bi(t) / F()Ai(s)ds + CLAi(t) + CoBi(t)

(3.183)
where Ai, Bi are the Airy functions, with the asymptotic behavior
1 3 1 3
Ai(t) ~ ﬁfl/‘*e*%”; Bi(t) ~ ﬁfl“e%” (3.184)
and
[t=Y/2Ai(t)| < const., |t7YBi(t)| < const. (3.185)

as t — —oo. In view of (3.184) we must be careful in choosing the limits of
integration in (3.183). It is important to ensure that the second term does
not have a fast growth as ¢ — oo, and for this purpose we need to integrate
from ¢ toward infinity in the associated integral. For that, we ensure that
the maximum of the integrand is achieved at or near the variable endpoint of
integration. Then Laplace’s method shows that the leading contribution to
the integral comes from the variable endpoint of integration as well, which
allows for the opposite exponentials to cancel out. We choose to look at an
interval in the original variable x € In; = [-M, M] where we shall allow for
e-dependence of M. We then write the integral equation with concrete limits
in the form below, which we analyze in I;.
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b(t) = —Ai(t) /0 F(5)Bi(s)ds+
Bi(t) /M F(5)Ai(s)ds + C1AI(t) + CoBi(t) = Jip + by (3.186)

Proposition 3.187 For some positive const., if € is small enough (3.186) is
contractive in the sup norm if M < const.€*/®.

PROOF
Using the Laplace method we see that for ¢ > 0 we have

3 [t 3
AT L / sT1/4e352 gg < const.(|t| +1)7*
0

and also

—1/4 243 M —1/4 2,3 —1/4 243 Oo —1/4 243
t es3 s e 3°°ds <t €3 s e 3°°ds
t t
< const.([t|+1)"! (3.188)

and thus for a constant independent of €, using (3.184) we get

| T4 (#)] < const.e?/3(|t] +1)" sup lib(s)l
sg|0,

for ¢t > 0. For ¢ < 0 we use (3.185) and get

0
<A+ t)™V4 sup |f(s)|(const. +/ sH4ds
s€[—t,0] t

’Ai(t) /]:[ #(s)Bi(s)ds

and get for a constant independent of €

|Jp(t)| < const.e?/3(1 + |t])°/? < const.e¥/3(e 23 M)*/? < 1

We see that for small enough €, the regions where the outer and inner equa-
tions are contractive overlap. This allows for performing asymptotic matching
in order to relate these two solutions. For instance, from the contractivity ar-
gument it follows that

o0

Y= (1—=J) o= J¥

k=0

giving a power series asymptotics in powers of €2/ for 1.
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3.7e  Matching

We may choose for instance x = const.c'/? for which the inner expansion (in
powers of €2/3) and the outer expansion (in powers of €) are valid at the same
time. We assume that x lies in the oscillatory region for the Airy functions
(the other case is slightly more complicated).

We note that in this region of = the coefficient of €® of the outer expansion
will be large, of order (U'U~3/2)F ~ e=3k/4 A similar estimate holds for
the terms of the inner expansion. Both expansions will thus effectively be
expansions in e~ /4. Since they represent the same solution, they must agree
and thus the coefficients of the two expansions are linked. This determines
the constants C; and Cy once the outer solution is prescribed.

3.8 PDE analog

Consider now a a parabolic PDE, say the heat equation.

Yy = Yoo (3.189)

The fact that the principal symbol is degenerate (there are fewer ¢ than x
derivatives) has an effect similar to that of a singular perturbation. If we
attempt to solve the PDE by a power series

)= i tF By (x) (3.190)
k=0

this series will generically have zero radius of convergence. Indeed, the re-
currence relation for the coefficients is Fj, = F,é’_l /k whose solution, Fj =

FO(Qk)/k! behaves like Fj ~ k! for large k, if F' is analytic but not entire.
Generally, exponential solutions are expected too.® If we take ¢ = e in
(3.189) we get

Wy = W2 + Waa (3.191)

where the assumption of algebraic behavior of w is expected to ensure w?2 >>
wz, and so the leading equation is approximately

wy; = w? (3.192)

5The reason will be better understood after Borel summation methods have been studied.
Divergence means that the Borel transform of the formal solution is nontrivial: it has
singularities. Upon Laplace transforming it, paths of integration on different sides of the
singularities give different results, and the differences are exponentially small.



Review of some results in classical asymptotics 85

which can be solved by characteristics. We take w, = u and get for u the
quasilinear equation

Uy = 2uty, (3.193)

with a particular solution u = —x/(2t), giving w = —z%/(4t). We thus take
w = —x?/(4t) + § and get for § the equation

T o
O+ <00 + 52 = 07 + baa (3.194)

where we have separated the relatively small terms to the rhs. We would
normally solve the leading equation (the lhs of (3.194)) and continue the
process, but for this equation we note that § = —% Int solves not only the
leading equation, but the full equation (3.194). Thus

x? 1

which gives the classical heat kernel
1 1’2
Y =—e 4 (3.196)

Vit

This exact solvability is of course rather accidental, but a perturbation ap-
proach formally works in a more PDE general context.






Chapter 4

Introduction to transseries and
analyzable functions

There is, as we have seen an important distinction between asymptotic ex-
pansions and asymptotic series. The operator f — A, (f) which associates to
f its asymptotic power series is linear as seen in §1.1c . But it has a nontrivial
kernel (A,(f) = 0 for many nonzero functions), and the description through
asymptotic power series is fundamentally incomplete. There is no unambigu-
ous way to determine a function from its classical asymptotic series alone. On
the other hand, the operator f — A(f) which associates to f its asymptotic
expansion has zero kernel, but it is still false that A(f) = A(g) implies f =g
(A is not linear, see Remark 1.25). The description of a function through its
asymptotic expansion is also incomplete.

4.1 Analyzable functions and the theory of Ecalle: a pre-
view

4.1a  Analytic function theory as a toy model of the theory
of analyzable functions

Let A denote the set of germs of analytic functions at z = 0, let C[[z]] be the
space of formal series in z with complex coefficients, of the form Z,;“;O cxz®,
and define C.[[z]] as the subspace of series with nonzero radius of convergence.

The Taylor series at zero of a function in A is also its asymptotic series
at zero. Moreover, the map 7 : A — C.[[z]] is an isomorphism and its
inverse 7! = S is simply the operator of summation of series in C.[[z]]. 7
and S commute with most of the useful function operations defined on A, in
particular we have, with f, f; and fy in C.[[2]]

87
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(1) S{afi + B2} = aSfi + 5Sfs
(2) S{fifs} = SHS
3) sify={si}’

) sty ={siYs s{[ 7= [ si
(5) S{fiofo} =8f108f
(6) S1=1 (4.1)

where f*(z) = f(Z). In fact 7 is such a good isomorphism between A and
C.[[z]], that usually no distinction is made between formal (albeit convergent)
expansions and their sums which are actual functions. There does not even
exist a notational distinction between a convergent series, as a series, and its
sum as a number.

As a consequence of the isomorphism, whenever a problem can be solved in
C.[[2]], S provides an actual solution of the same problem. For example, if g
is a formal solution of the equation

J=7+z (4.2)

as a series in powers of z, with nonzero radius of convergence, and we let
y = Sy we may write, using (4.1),

(7= +2) & (St =S{iFt+2) & (v =v*+2)

ie. ¢ is a formal solution of (4.2) iff y is an actual solution. The same
reasoning would work in most natural problems with analytic coefficients for
which solutions § € C¢][z]] can be found.

On the other hand, if we return to the example in Remark 1.25, f; and fs
differ by a constant C, coming from the lower limit of integration, and this
C is lost in the process of calculating the asymptotic expansion. To have a
complete description, clearly we must account for C'. It is then natural to try
to write instead

fig " ~7 e f+Cho (4.3)

However, Note 1.23 however shows Cj 2 cannot be defined through (1.12);
(1,2 they cannot be calculated as f12 —€” f since f does not converge. The
right side of (4.3) becomes for now a purely formal object, in the sense that
it does not connect to an actual function in any obvious way.

It is the task of the theory of analyzable functions to give a general, natu-
ral and consistent meaning to expansions such as (4.3) ((4.3) is perhaps the
simplest nontrivial instance of a transseries), in such a way that expansions
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and functions are into a true one-to-one correspondence. An isomorphism like
(4.1) holds in much wider generality.

Some ideas of the theory of analyzable functions can be traced back to Euler
as seen in §1.2a , Cauchy , Borel who found the first powerful technique to
deal with divergent expansions, and by Dingle and Berry who substantially
extended optimal truncation methods.

In the early 80’s exponential asymptotics became a field of its own, with the
a number of major discoveries of Ecalle, the theory of transseries and analyz-
able functions, and a very comprehensive generalization of Borel summation.

Setting of the problem. One operation is clearly missing from both A
and C.[[z]] namely division, and this severely limits the range of problems
that can be solved in either A or C.[[z]]. The question is then, which spaces
Ay D A and S; D C.[[z]] are closed under all function operations, including
division, and are such that an extension of 7 is an isomorphism between
them? (Because of the existence of an isomorphism between A; and the
formal expansions S the functions in A; will be called called, in agreement
with Ecalle, formalizable). Exploring the limits of formalizability is at the
core of the modern theory of analyzable functions.

In addition to the obvious theoretical interest, there are many important
practical applications. One application of such a theory, for instance for some
generic classes of differential systems where it has been worked out, is the
possibility of solving problems starting from formal expansions, which are
easy to produce (usually algorithmically), and from which the isomorphism
produces, constructively, actual solutions.

We start by studying general formal expansions in their own right, to un-
derstand their structure and operations with them.

4.1b  Formal asymptotic power series

Definition 4.4 For x — oo, an asymptotic power series (APS) is a formal
structure of the type

3 ;k (4.5)

icJ

where J is a set of ordinals and k; > k; if i > j. We assume that there is no
infinite strictly decreasing subsequence k;, > ki, > .... For simplicity we shall
assume J = N and that there is no accumulation point of the k;.

In particular, there is a smallest power k; € Z, possibly negative.
Examples. (1) Integer power series, i.e. series of the form

00 cx
> = (4.6)
k=M
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(2) An important instance are the finitely generated power series, which are
by definition of the form

Chki ko, kn
) ikt Aanks (4.7)
ki>M
for some M € Z and n € N, where a3 > 0, ...,a,, > 0. Its generators are the

monomials x~, ..., x” ",

Proposition 4.8 A series of the form (4.7) is (can be rearranged as) an
APS.

PROOF  For the proof we note that for any L € Z, the set

{(k1, ko, k) €Z7 i ki > M for 1 <i<mand L > ok}

i=1

is finite. Indeed, k; are bounded below, a; > 0 and Z?:l a;k; — oo if at least
one of the sequences {k;, } is unbounded.

Exercise 4.9 As a consequence show that:

(1)
inf{v:v=a1k1 + -+ ank, = v for some ky,....k, > M} < o0
(2) The set
Ji={v:v=ak;+ -+ ayk, = v for some ky, ...k, > M}

is countable with no accumulation point. Furthermore J can be linearly or-
dered
V<< < < e

and all the sets
Ji = {kl, ...,kj Z M : V; = 011]61 + 4 ankn}

are finite.
Complete the proof of the proposition.

I

Thus (4.7) can be written in the form (4.5). In particular we can define the
dominance of a series in the following way:

Definition 4.10 (of Dom) If S is a nonzero APS of the type (4.5) we define
Dom(S) to be c;,x~%1 where iy is the first i in (4.5) for which ¢; # 0. We
write Dom(S) = 0 iff S = 0.
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4.1b .1 Operations with APS

Note 4.11 The following operations are defined in a natural way and have
the usual properties: +,—, X,/ differentiation and composition Sy o So where
S is a series such that k1 < 0. For composition and division, see note after
Proposition 4.18. For instance,

¢ o= d e d
2 xcij D=2 xcﬂln (4.12)

k=0 1=0 k,1=0

Ezxercise 4.13 * Show that the last series in (4.12) can be written in the
form (4.5).

Exercise 4.14 * Show that finitely generated power series are closed under
the operations mentioned above.

4.1b .2 Asymptotic order relation

If C1,Cy # 0, we naturally write (remember that z — +oo and the defini-
tion of <« in (1.9) and (1.10))

CiaP < Cox? iff p<yq

Definition 4.15 For two nonzero APSs Sy, Sy we write S1 >> Sy iff Dom(S1) >
Dom(S3).

Proposition 4.16 Dom(S1S2) = Dom(S1)Dom(Ss2), and if Dom(S) # const
then Dom(S") = Dom(S)’.

PROOF  Exercise. I

Thus we have

Proposition 4.17 (See note(4.11)).

(i) S1 < T and So < T imply S1 + So < T and for any nonzero Ss we
have §153 < 55853.

(i) S1 > Ty and Sy > Ty imply S1.55 > ThTs.

(iii) S < T implies & > .

(iv) S < T < 1 implies 8" < T < 1 and 1 < S < T implies S" < T’
(prime denotes differentiation). Also, s < 1= < sand L >1=L>
L'>1. 8 >T and T > 1 implies S > T. Also 1 > 8 > T’ implies
S>T.

(v) There is the following trichotomy for two nonzero APSs : S < T or
S > T or else % — C < 1 for some constant C.

PROOF Exercise. I
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Proposition 4.18 Any nonzero APS S can be uniquely decomposed in the
following way
S=L+C+s

where C is a constant and L and s are APS, with the property that L has
nonzero coefficients only for positive powers of © (L is purely large) and s has
nonzero coefficients only for negative powers of x (s is purely small).

PROOF Exercise. I

Exercise 4.19 * Show that any nonzero series can be written in then form
S = D(1+ s) where D =Dom(S) and s is a small series.

Exercise 4.20 Show that the large part of a series has only finitely many
terms.

Exercise 4.21 * Show that for any coefficients a1, ..., @, ... and small series
s the formal expression
1+ a8+ ass®+ - (4.22)

defines a formal power series.

Note 4.23 Let S be a nonzero series and D = Cyxz="* = Dom(S). We define
1/D = (1/Cy)z"* and

(1—s+s*—s*-") (4.24)

S| =

1
S

and more generally
1
88 = CYzP (1 +Bs+ 588 - 1)s” + - ) (4.25)

The composition of two series S =Y po,skx~ " and L where L is large is
defined as

o0

Sol := Z spL TV (4.26)
k=0

Exercise 4.27 * Show that (4.26) defines a formal power series which can
be written in the form (4.5).

Example
Proposition 4.28 The differential equation
! 1 3
y+y=;+y (4.29)

has a unique solution as an APS which is purely small.
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PROOF For the existence part, note that direct substitution of a formal
integer power series yo = > o, crx " leads to the recurrence relation ¢; = 1
and for k > 2,

e = (k—1)cp—1 + Z Cliy Chip Chig
k1+ko+kz=k;k;>1

for which direct induction shows the existence of a solution, and we have

1 1 3 12 60
y0:*+7+73+74+7+"'
X X

For uniqueness assume gy and y; are APS solutions and let § = y; —y9. Then
0 satisfies

8 + 8 = 3y38 + 3ypd* + &3 (4.30)

Since by assumption § < 1 we have Dom(d’) <« Dom(d) and similarly
Dom(3y34 + 3062 + %) < Dom(d). But this implies Dom(§) = 0 and thus
§=0.

I

4.1b .3 The exponential

Proposition 4.31 (the exponential is not a power series.) The differ-
ential equations '+ f =0 have no nontrivial solution as an APS.

PROOF If Dom(f) = ¢ = const then f = ¢+ s where s is purely small
and thus s’ < s. But then the equation s’ + (¢ + s) = 0 is contradictory.
Similarly if f = s where s is purely small then s’ + s = 0 is impossible by
Proposition 4.17. If instead f > 1 then f’ + f = 0 is again impossible.

Thus the exponential, which we need since very simple equations generate it,
is a new element. We would like it to be compatible with the basic structures
of APS and with the asymptotic ordering. Then e* > 1 or e < 1 or finally
e® —c < 1. The last inequality is not consistent if we differentiate it using (iv)
of Proposition 4.17. The remaining choices are consistent, and correspond to
selecting a sign in * — 4oo. Since we chose x — +o0o, we let, by definition,
e® > 1. Compatibility with Proposition 4.17 implies (e*)’ > ' and thus
e” > z. Inductively, e” > z" for all n.

Proposition 4.32 If s is a purely small series then the equation y' = s’y

(corresponding intuitively to y = e°) has APS solutions of the form C + s;
where s1 s small. If we choose C =1 then s; = 51,1 1s uniquely defined.

PROOF Exercise. I
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Definition 4.33 We define, according to the previous proposition, e® =1 +
s1:1; 1+ 81,1 is simply the familiar Maclaurin series of the exponential. In
general if S = L+C + s we write €5 = C(1+s1,1)el where & is to be thought
of as a primary symbol, subject to the further definitions eX1 712 = el1el2 and
(eL)/ = L/el.

4.1b .4 Exponential power series (EPS)
A simple example of EPS is a formal expression of the type

,
ZI;;?; (4.34)
i,j=1
where \; are increasing in ¢ and k; are increasing in j. Again the usual
operations are well defined on EPS (composition is not defined on (4.34) but
it would be if more general terms of the form C(1 + s1.1)el are allowed; we
will postpone this until the formal introduction of transseries).
The order relation, compatible with the discussion in § 4.1b .3, is defined
by eMZah2 > eMsTrka iff \; > \g or if \; = A3 and ko > k4. Consistent with
this order relation it is then natural to reorder the expansion(4.34) as follows

(4.35)

o) o)
=1

Sy
< - xta

i=1 J

Then we can still define the dominance of a structure of the form (4.34).
The question is what is the general formal solution of

ffHf=a"t (4.36)

For this we have to assume we have a space A of formal objects in which
all operations involved in (4.36) make sense and have the usual properties.
A would be a differential algebra. It is natural to assume that in A f/ =0
has the general solution f = C for some constant C. We need A to contain
27! so that the differential equation makes sense, which implies by closure
under algebraic operations that A contains all inverse powers of z, including

constants (power zero), and A should contain the formal series solution of
(4.36)

. = k!
k=0
Exercise 4.38 * Show that there exist differential fields, containing 1/x,in
which (4.36) has no solution.

Then if § is any solution of (4.36) then f = y — yo satisfies the homogeneous
equation f’+f = 0. To proceed, we may include solutions of this homogeneous
equation. If we call this solution e™* and the solution of the related equation
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f"— f =0 by e we see that (e"%e®) = 0 thus e ¥e® = C for some C and
we can normalize our choice of e* to make C' = 1. Then the general solution
of ¥ +y =0is Ce ®. Indeed, we may multiply by e* and get (ye*)’ =0, i.e.
ye* =Cory=_Ce ™.

4.1b .5 Exponential power series solutions for (4.29)

To show how transseries arise naturally as solutions of ODEs we take the
prototypical nonlinear equation (4.29). The analysis that follows is formal,
and assumes the space of formal solutions has all the “expected” properties.
A rigorous construction, backing up this analysis will follow in Chapter 3.

To simplify notation, we drop the tildes from formal asymptotic expansions.
We have obtained, in Proposition 4.17 a formal series solution (4.29), yo. We
look for possible further solutions. We take y = yg + 0. The equation for §
is (4.30) where we search for solutions ¢ < 1, in which assumption the terms
on the right side of the equation are subdominant (see footnote 4 on Page
77). We have &' + 6(1 + o(1)) = 0 thus § = Ce~**°(®)and this suggests the
substitution § = e. We get

w + 1 =3y2 + 3yoe” + e**

and since e = § < 1 the dominant balance (footnote 4, Page 77) is between
the terms on the left side, thus w = —x + C' + w; and we get

wy = 3y8 + 3ype TeWl 4 720 H2un

We have yoe~ et = yod = yoe *T°@). Since —x + o(z) > nln(x) we have
yoe Te® < o7 " for any n and thus w) = O(z~2) then w; = O(z~!). Thus,
e = 14wy +w?/2+ ... and consequently 3ype~%e¥! + e~ 222w ig negligible
with respect to y3. Again by dominant balance, to leading order, w} = 3y?
and thus w; = f 3y2 + wa := ¢1 +wa (@1 is a formal power series). It follows
that, to leading order, we have

xr

wy = 3ype”

and thus wo = ¢2e™% where ¢ is a power series. Continuing this process of
iteration, we can see inductively that w must be of the form

oo
w=—x+ Z dre ke
k=0

where ¢y, are formal power series, which means

[e.¢]
y= ey (4.39)
k=0
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where y; are also formal power series. Having obtained this information, it

is more convenient to plug in(4.39) directly in the equation and solve for the
unknown series y;. We get the system

Yotyo=at+yd

i = 3y3y
(4.40)
Ve —kyk — 303Uk =3u0 Y. UkiUke + > Yk Yha Yk

k1+ko=k;k;>1 ki+kot+ks=k;k;>1

We can easily see by induction that this system of equations does admit a
solution where y; are integer power series. Furthermore, y; is defined up to
an arbitrary multiplicative constant, and there is no further freedom in y,
whose equation can be solved by our usual iteration procedure, after placing
the subdominant term y; on the RHS. We note that all equations for k > 1
are linear inhomogeneous. The fact that high-order equations are linear is a
general feature in perturbation theory.

Choosing then yq in such a way that ygl] = 1+4+az~'+... we have y; = Cygl].

By the special structure of the RHS of the general equation in (4.40) we see

that if y,[cl] is the solution with the choice y; = ygl] we see, by induction, that

the solution when y; = C’ygl] is Cky,[cl]. Thus the general formal solution of
(4.29) in our setting should be

o0

Z Ckyl[gl]e—kac

k=0

where y([)l] = 90-

Exercise 4.41 ** Complete the details in the previous proof: show that the
equation for yy in (4.40) has a one parameter family of solutions of the form
y1 = c(1+ s1) where s1 is a small series, and that this series is unique. Show
that for k > 1, given yo, ..., yx—1, the equation for yi in (4.40) has a unique
small series solution. Show that there exists exactly a one parameter family of
solutions general formal exponential-power series solution of the form (4.39)

of (4.29).
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4.2 Preview of general properties of transseries
4.2a Remarks about the form of asymptotic expansions

The asymptotic expansions seen in the previous examples have the common
feature that they are written in terms of powers of the variable, exponentials
and logs, e.g.

o0 2 2 1 1 5
et (Lo L5 4.42
[Tt (g gmr ) 6
1
I~ \/2 nlnn—n+ilnn 1+ —+ ... 4.43
n! ~ V2re + ot (4.43)
T ot 1 1 2
—dt~e* |-+ =+ =+ .. 4.44
/1 ; e (,7; + 2 + 3 + ) ( )

Hardy noted that “No function has yet presented itself whose asymptotic
expansion cannot be expressed in terms of exponentials, power series and
logs”. The modern conjecture of Ecalle states that functions of natural origin
can be isomorphically represented by “transseries” in the same way as an
analytic function is locally given by a convergent Taylor series.

4.2b  Transseries

Transseries are studied carefully in Chapter 3.

Informally, they are finitely generated asymptotic combinations of powers,
exponentials and logs and are defined inductively. In the case of a power series,
finite generation means that the series is an integer multiseries in ¥, ..., yn
where y; = 275, R(3;) > 0. Examples are (4.34), (3.105) and (1.26); a more
involved one would be

oo
Inlnz + g ek exp(EiZ, ke ™)
k=0
A single term in a transseries is a transmonomial.

1. A term of the form m = z~ k1 —~2Fkn with a; > 0 is a level zero
(trans)monomial.

2. Real transseries of level zero are simply finitely generated asymptotic
power series. That is, given aq, ..., a,, with «; > 0 a level zero transseries
is a sum of the form

S= " cpy g, xRk (4.45)
ki >M;
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with cpr, ..v,, # 0 where My, ..., M, are integers, positive or negative;

the terms of S are therefore nonincreasing in k; and bounded above by
O(x_alMl_n-_anMn).

gmorMi—.—an My ig the leading order, cps,,...m,, is the leading constant
and cpy, g, @ MimmanMa g the dominance of (4.45), Dom(S).

When we will construct transseries more carefully, we will denote p, =:
ﬂ]fl -+ i ®* the monomial x—F1@1=~knon We note that k +— . de-
fines a morphism between Z™ and the abelian multiplicative group gen-
erated by 1, ..., fbn-

The lower bound for k; easily implies that there are only finitely many
terms with the same monomial. Indeed, the equation a1 k1 +...+ank, =
p does not have solutions if R(c;)k; > |p| + 3=, 4, |a;|[My].

A level zero transseries can be decomposed as L + const + s where L,
which could be zero, is the purely large part in the sense that it contains
only large monomials, and s is small.

If S 2 0 we can write uniquely

S = const =M manMa(] 4 )

where s is small.

Operations are defined on level zero transseries in the natural way. The
product of level zero transseries is a level zero transseries where as in (5)
above the lower bound for k; entails that there are only finitely many
terms with the same monomial in the product.

It is easy to see that the expression (1 —s)7!:=1— s+ s? — ... is well
defined and this allows definition of division via

1/S = const™tgorMitetandn (] _ 5=l

A transmonomial is small m = o(1) and large if 1/m is small. m is
neither large nor small iff m =1 i.e., —azk; — ... — apk, = 0; this is a
degenerate case and for some purposes it is not considered a monomial.

It can be checked that level zero transseries form a differential field.
Composition S(s) is also well defined whenever s is a large transseries.
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In a more abstract language that we will use later, for a given set of monomi-
als p1, ..., b, and the multiplicative group G generated by them, a transseries
of level zero is a function defined on Z" with values in C, with the property
that for some ko we have F(k) = 0 if k < k.

More general transseries are defined inductively; in a first step exponentials
of purely large level zero series are level one series.

It is convenient to first construct transseries without logs and then define
the general ones by composition to the right with an iterated log.

11. In general, transseries have an exponential level (height) which is the
highest order of composition of the exponential, and similarly a loga-
rithmic depth; both of these are finite; exp(exp(22?)) 4+ Inx has height 2
and depth 1.

12. Level one. The exponential e* has no asymptotic power series at in-
finity (Proposition 4.31) and e” is taken to be its own expansion. It is
a new element.

13. A level one transmonomial is of the form u = mel where m is a level
zero transmonomial and L is a purely large level zero transseries. u
is large if the leading constant of L is positive and small otherwise. If
L is large and positive then e’ is, by definition, much larger than any
monomial of level zero. We define naturally ef1ef? = ef1+L2. Note
that in our convention bot x and —xz are large transseries.

14. A level one transseries is of the form

S= D" Chkatin =Y (4.46)
ko> M; k>M

where p; are large level one transmonomials.

With the operations defined naturally as above, level one transseries
form a differential field.

15. We define, for a small transseries, e® = Z;’;O sk [kl If s is of level zero,
then e® is of level zero too.

16. The construction proceeds similarly, by induction and a general exponential-
free transseries is one obtained at some level of the induction. They form
a differential field.

17. Tt can be shown, by induction, that S = 0 iff S = const.

18. Dominance: If S # 0 then there is a largest transmonomial pl_kl N
in S, with nonzero coefficient, C. Then Dom(S) = Cpy™ - - - pF». If
S is a nonzero transseries, then S = Dom(S)(1 4 s) where s is purely
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small, i.e., all the transmonomials in s are small. It can be shown (the
construction is given later) that a base of monomials can then be chosen
such that all M; in s are positive.

19. Topology.

(a) If S is the space of transseries generated by the monomials L1y eeey hny
then, by definition, the sequence SV! converges to S given in (4.46)

if for any k there is a jo = jo(k) such that cE] = ¢ for all j > jo.
(b) This topology is metrizable, see the discussion after Definition 22.

(¢) In this topology, addition and multiplication are continuous, but
multiplication by scalars is not.

(d) It is easy to check that any Cauchy sequence is convergent and
transseries form a complete linear metric space.

(e) Contractive mappings: A function (operator) A : S — S is con-
tractive if for some o < 1 and any Sp,S2 € S we have d(A(S1) —
.A(SQ)) S Oéd(Sl — 52)

(f) Fized point theorem. It can be proved in the usual way that if A is
contractive, then the equation S = Sy + A(S) has a unique fixed
point.

Ezxamples —This is a convenient way to show the existence of mul-
tiplicative inverses. It is enough to invert 1 + s with s small. We
choose a basis such that all M; in s are positive. Then the equation
y = 1 — sy is contractive.

—~The equation y = 1/xz—y’ is contractive within level zero transseries;
It has a unique solution.

20. If L,, = log(log(...log(x))) n times, and T is an exponential-free transseries
then T'(L,,) is a general transseries. They form a differential field, closed
under integration, composition to the right with large transseries, and
many other operations; this closure is proved as part of the general
induction.

21. The theory of differential equations in transseries has many similarities
with the usual theory. For instance it is easy to show, using an inte-
grating factor and 17 above that the equation 3’ = y has the general

solution Ce” and that the equation y” = xy has at most two linearly
independent solutions. We will find two such solutions in the examples
below.

*

The type of exponential growth is related to the factorial power of diver-
gence of the power series. For illustration we take
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g"+227'¢ —27%g =1 analyzed for z | 0 (4.47)

To bring it to a canonical form, we would take z = 1/x. To get used to various
limits, we will rather work with the equation as presented. The dominant
balance of the homogeneous equation occurs between g” and 2~°g. By WKB
we see that the solution of this dominant equation is

_ —3/2
Const.z'/4e=2/3 %

The presence of a pole of higher order than the equation makes the power
series expansion Y, cxz" of a solution diverge (cx oc (k!)P, p > 0), since at
the level of the recurrence for the ¢ it implies that coefficients with larger k
are given in terms of earlier ones multiplied by powers of n. In our specific
case we get

Cnts =n(n+1)c,

with the solution
csp = const.32*T(k + 1/3)I'(k)

roughly,

cr o (k)23 (4.48)

Ezample 2. By a similar method, we can find a formal solution for the
Gamma function a,1 = na,. We look directly for transseries of level at least
one, a, = efr and thus foe1 = Inn+ f,. It is clear that fh,4+1 — fr < fn;
this suggests writing f,41 = f, + f, + 2 fo + ... and, taking f’ = h we get the
equation

1 1
hp =Inn— =h, — =h! — .. 4.49
(which is contractive in the space of transseries of zero height as we shall see
in Chapter A). We get

h=1 L + L
=lnn— — — — ..
T o0 T 1202 T 12004
and thus
1 1
fa=nlnn—m—-lnn+ — +C

2 12n  360n3 "
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4.2c  Properties of the Laplace transform

Proposition 4.50 If F € L'(R*) then LF is analytic in the right half plane
H and continuous on the imaginary axis OH, and L{F}(z) — 0 as x — oo
in H.

Proof. Continuity and analyticity are preserved by integration against a fi-
nite measure (F(p)dp). Equivalently, these properties follow by dominated
convergence, as € — 0, of fooo e~ P(e~¢ — 1)F(p)dp and of fooo e~ TP (ePe —
1)e 1 F(p)dp respectively, the last integral for R(z) > 0. The stated limit
also follows easily from dominated convergence, if |arg(z) £ 7/2| > 4; the
general case follows from the case |arg(x)| = m/2 which is a consequence of
the Riemann-Lebesgue lemma. 0O

First inversion formula.

Let ‘H denote the space of analytic functions in H.
Proposition 4.51 (i) £: L*(R") — H and ||[L{F}||cc < ||F]1-
(ii) £ : L' — L(LY) is invertible, and the inverse is given by
Fla) = FHL{FHit M) (452)
for (x € RT) where F is the Fourier transform.

Proof. Part (i) is immediate, since [e™*?| < 1. (ii) Extending I on R~ by
zero we have L{F}(it) = foo —tE(p)dp = FF. O

€
—00

Second inversion formula.
Laplace transform is not surjective from L' to H but functions in H with
sufficient decay do belong to £(L%).

Proposition 4.53 (i) Assume f is analytic in an open sector Hs = {x :
|arg(z)| < 7+ 6}, 6 > 0 and is continuous on OHs, and that for some K >0
and any x € Hs we have

[f(@)] < K(lz* + 1) (4.54)
Then L1 f is well defined by

1 “+100
F=L1f= 2—7”/ dtePt f(t) (4.55)

—100
and

/0 T dpe T F(p) = £L7f = f(2)
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and in addition |L7{f}e < Km and L71{f} — 0 as p — o0.
(ii) If § > 0 then F = L1 f is analytic in the sector S = {p # 0 : |arg(p)| <
0}. In addition, supg |F| < K7 and F(p) — 0 asp — oo in S.

Proof. (i) We have
/ dpe*p‘”/ dsePif(is) :/ dt f(is)/ dp e PrePs (4.56)
0 0

= (2)(z — 2)7'dz = 2mif () (4.57)
where we applied Fubini’s theorem and then pushed the contour of integration
past z to infinity. The norm is obtained by majorizing | fe®*| by K (|z2|+1)~1.

(ii) We have for any ¢’ < 4, by (4.54),

[Lae=([ o[y
B </Ooo + /O o )dsemf(s) (4.58)

and analyticity is clear in (4.58).
For (ii) we note that (i) applies in U ¢ Hy. O
[67]<6
Many cases can be reduced to this one after transformations. For instance if
g= Z;\Ll ajx % + f(x), with k; > 0 and f satisfying the assumptions above,
then g is inverse Laplace transformable since the finite sum in its definition is
explicitly transformable.

Proposition 4.59 Let F be analytic in the open sector S, = e'*R* with
¢ € (—0,6) be such that |F(|z|e’?)| < g(|x|) for some g € L'[0,€) bounded as
x — 00. Then f = LF is analytic in the sector Sy = {x : |arg(x)| < 7/2+ 0}
and f(z) — 0 as |z] — oo,arg(x) =60 € (—7/2 — 6, 71/2 +9).

Proof. Because of the analyticity of F' and the decay conditions for large
p, the path of Laplace integration can be rotated by any angle ¢ € (—4,4)
without changing (LF)(z) (see also the next example). This means Proposi-
tion 4.50 applies in U|yj<s¢'?H.

Note that without further assumptions on LF', F' is not necessarily analytic

at p=0.

Corollary 4.60 The kernel of £ is trivial: if F € L'(R*) and LF = 0 then
F=o0.

Remark. It is useful to note that by continuity and analyticity, it is enough
to have LF(x) = 0 on any set with an accumulation point in the right half
plane to ensure F = 0.

Proof. An immediate consequence of the first inversion formula. O
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4.2c .1 Asymptotic properties Laplace transforms

The asymptotic behavior of Laplace integrals is particularly important given
that every analyzable function should be convergently expressed by

4.2d Representability in terms of Laplace transforms

Let us now consider the homogeneous equation associated to (4.47) after
the substitution z = 1/z. We divide by the exponential and change variable
223/2 = 5 to linearize the exponent and ensure that the transformed func-
tion has an asymptotic series with factorial divergence. Such a series can
be obtained by Watson’s Lemma from a convergent series. Inverse Laplace
transform in then likely to regularize the equation.

Taking f(x) = e%;ﬁ/?h(%xg/z) we get
1 1
i 24+ — W +—h= 4.61
h+<+3s)h+38h 0 (4.61)
and with H = £71(h) we get

plp— D' = 2(1 - p)H

which indeed has a regular singularity at p = 0. The solution is

H=Cp?52—p)—°

and it can be easily checked that any integral of the form

Ooeid)
h= / e PH(p)dp
0

for ¢ # 0 is a solution of (4.61) yielding the expression

[

0

for a solution of the Airy equation. A second solution can be obtained in a
similar way, replacing e3e®? by (3’%“‘73/27 or by taking the difference between
two integrals of the form (4.62).

For Example 2 above, factorial suggests taking inverse Laplace transform
of g, = fn — (nlnn —n — %hln).

Inverse Laplace transform is given by the Bromwich integral along a vertical
contour in the right half plane:

1 ct+io00o
(L7IF)(2) = e"PF(p)dp

2mi c—100
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The recurrence satisfied by g is

1 1

1 1
. —n:nzl—(f )1 (1 7):_7 — 4.
gnt1 = Gn =@ gttty 1202 " 1203

First note that £ '¢q = p~2£~'¢” which can be easily evaluated by residues

since

SRR N ¥ + )
= T hr1 2 (n+1)2  n?

Thus, with £L71g,, := G we get

(e = 1)G(p) = —2 p%
“1-5- (5

gn = — e_npdp
0 p*(e P —1)

(It is easy to check that the integrand is analytic at zero; its Taylor series is
15 — =P’ +0(%).)
The integral is well defined, and it easily follows that

solves our recurrence. The constant C' = 1 In(27) is most easily obtained by
comparing with Stirling’s series (3.54) and we thus get the identity

1 1
lnI‘(nJrl):n(lnnfl)filnn+§ln(27r)+/o ?)2(6_17—1)

which holds with n replaced by z € C as well.

This represents, as we shall soon see, the Borel summed version of Stirling’s
formula.

Other recurrences can be dealt with in the same way. One can calculate
Z?Zl 41 as a solution of the recurrence

1

Sn4+1 — Sn = —
n

Proceeding as in the Gamma function example, we have f’ — % = 0O(n=?) and
the substitution s, = Inn + g, yields
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1_’_1 ( n)
n —9n — — n
gnt1— 9 n n+1

and in the same way we get

o 1 1
n=C+Inn+ _"p<f— d
f C+lInn /0 e 1 e—P> P

where the constant can be obtained from the initial condition, f; = 0,

C= —/OOO e_P(% -7 7167p)dp

which, by comparison with the usual asymptotic expansion of the harmonic

sum also gives
e 1 1
S
0 l—e? p

Comparison with (4.63) gives

n—1

1 o1 1 T’ (n)

S 4=l (= - 4.64
;j 0% nn—|—/0 e (p 1_€7p)dp T(n) (4.64)

Ezercise: Zeta function. Use the same strategy to show that

o0 — 1 n—1
—1)IC(n) = e ML Ay L o 4.65
=0 = [ [ o)

e b — 8

4.2d .1 The Euler-Maclaurin Sum formula

We can also generalize the asymptotic evaluation of difference equations in
the following setting. Assume f(n) does not increase too rapidly with n and
and we want to find the asymptotic behavior of

n

Stn+1) =Y f(k) (4.66)

k=ko
for large n. We see that S(k) is the solution of the difference equation
S(k+1)—S(k) = f(k) (4.67)

To be more precise, assume [ has a level zero transseries as n — oo. Then we
write S for the transseries of S which we seek at level zero. Then S(k + 1) —
S(k) = S'(k) + 8"(k)/2 + ... + 8™ (k)/k! + ... where the last sum converges
in the topology of transseries since differentiation is contractive on level zero
transseries, we get

S'(k) = f(k) — (S"(k)/2 + ... + S™(k)/E! + ...) (4.68)
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If Df := f’, the operator
Dk
K
is contractive in the space 7y of transseries of level zero (check)! and we get
that S’ is uniquely defined as the solution in 7y of (4.68).
has a unique level zero transseries solution. It is easy to check that there
are no other solutions of other levels, and this should be also obvious from
the interpretation of S as the solution of (4.67) which is thereby defined, on
the positive integers, up to an additive constant. What do we get, in terms
of f? We only need to iterate (4.68) At the first step we get

(4.69)

§'(k) = £(k) (4.70)
At the second step the result is
~ 1
§'(k) = f(k) = 5.f'(k) (4.71)
At the third step we obtain
1

718 + 75 1K) = == FOF) Zc FOk) (172)

What are the coefficients C;7 It is clear from the procedure itself that they
should not depend on f. But then it suffices to look at some particular f for
which the sum can be calculated explicitly. If n > 0 we have

1 N k/m
k=0

while, by one of the definitions of the Bernoulli numbers we have

S Z(—l)ji’zﬂ’ (4.74)

1—e*

By integration we get

S(k) ~ f( ds+C+Z jfll 19 (k) (4.75)

Exercise 4.76 ** Complete the details of the calculation involving the iden-
tification of coefficients in the Euler-Maclaurin sum formula.
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Exercise 4.77 * Without using the Euler-Maclaurin sum formula, find rig-
orously for which values of a > 0 the series

> oivk

ka
k=1

s convergent.

Exercise 4.78 * Prove the Euler-Maclaurin sum formula in the case [ is
C by first looking at the integral f:+1 f(s)ds and expanding f in Taylor by
s =n. Then correct f to get a better approximation etc.

That (4.75) gives the correct asymptotic behavior in some generality is proved,
for example, in [19]. Eq. (4.75) is called the Euler-Maclaurin sum formula.

We will prove here, under stronger assumptions, a stronger result which
implies (4.75). The conditions are often met in applications, after chenges of
variables, as our examples showed.

Lemma 4.79 Assume f is analytic at the origin and f(z) = O(2?). Then
f(1/n) = ;¥ F(p)e~"*dp, F(p) = O(p) for small p and

"i f(1/n) = /0OO e_"pMdp— /000 e‘"opMdp (4.80)

e ?—1 e ?—1
k=ng

PROOF  The fact that f(1/n) = [;~ F(p)e "Pdp and F(p) = O(p) follows
from the general theory of Laplace transforms. We seek a solution of (4.67)
in the form S = C + fooo H(p)e *Pdp, or, in other words we inverse Laplace
transform the equation (4.67). We get

F(p)

(7 —DH =F = H(p) = =

(4.81)

and the conclusion follows by taking the Laplace transform which is well
defined since F(p) = O(p), and imposing the initial condition S(ko) =0. [

4.2d .2 Example: The Painlevé equation P1

Py _

T 6y + 2 (4.82)

We first look for formal solutions. As a transseries of level zero it is easy to
see that the only possible balance is 6y + z = 0 giving

i

SV

y~=+
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We choose one of the signs, say + and write

i i " 1 11\2
yZ% Z_y”:\/6<\/;_2:li/g_823/2(y) ) (4.83)

Equation (4.83) is contractive in the space of level zero transseries, and it
therefore has a unique solution there. A few iterations yield

i iv6 494
=6 <ﬁ+ 1822 T 768,02 ) (4.84)

Since the procedure placed the highest derivative on the right side, we expect
that the series (4.84) is divergent. We could analyze the recurrence relation
for the coeflicients to determine the rate of divergence, but this is harder
than the following process. We first look at the type of possible exponentials
besides the power series. If we attempt to represent the solution as a Laplace
transform of a nonentire analytic function with respect to a variable s, then
choosing two distinct contours would yield in general different solutions. If we
have a nearest singularity at, say po in the right half plane, then it is easy to
see that the difference of the two Laplace transforms would be roughly of the
order e P95, On the other hand, by Cauchy estimates and Watson’s Lemma
it is easy to see that the formal asymptotic series of the Laplace transform
has coefficients increasing roughly like k!/|po|*. Thus, the divergence of the
series in the adapted variable s is k!|po|*. It is easy from here to infer the rate
of divergence in the original variable.

We denote by yo the series in (4.84) and look for further solutions in the form
Yo + 0, where we assume that § is exponentially small (indeed, if exponential
solutions exist, we should be able to find a direction in C where the exponential
decreases.) We get for 6(z), discarding the quadratic terms,

8" —12ygd =0 (4.85)
We solve this equation by formal WKB. Substituting § = e in (4.85) we get

1
w'i\/%\/éﬁ et (4.86)
z

which is again contractive in the space of transseries of level zero. We get

4
w = g\/27'61/%5/4 4 (4.87)
The natural variable is z°/4. We further normalize the equation so that the

transseries for ¢ is the simplest. That should bring the equation P1 to its
simplest form for the purpose of Borel summation . We let

T=""%75 y(Z)Z .

_(—242)5/% —z <1 4
30
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P1 becomes

1 I 392
" !/ 2
— - 4.
K"+ —h"—h h 0 (4.88)

We are now in the adapted variable, the and the divergence of the series is
expected to be of order k! which can be compensated by the inverse Laplace
transform (by virtue of Watson’s Lemma).

If we write h(z) = [;° H(p)e *Pdp, then the equation for H is

(2 — V) H(p) = 20 3+/psH(s)ds+1H*H (4.89)
P Pr=1gmst T, 2 '

where convolution is defined by

GM®@=KHWW—WS

We will learn how to solve equations of the form (4.89).

4.3 Borel transforms

The Laplace transform is defined on integrable functions of at most expo-
nential growth by

L{F}x) = /OOO e P*F(p)dp (R(x) > z0)

When dealing with functions defined in the complex domain it is useful to
allow for different contours of integration; £, denotes the Laplace transform
in the direction ¢:

ip

Edﬂ@%ém P E(p)dp (Rlzei%) > zp)

The formal Laplace transform, still denoted £ : C[[p]] — C[[x~!]] is defined
by

L{s} =L {Z ckpk} = Z e L{pt} = Z cpklz=F1 (4.90)
k=0 k=0 k=0

(with £{p*~1} = ()2~ the definition extends straightforwardly to nonin-
teger power series).
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4.4 The Borel transform B

The Borel transform, B : C[[z~!]] — C[[p]] is the (formal) inverse of the
operator £ in (4.90). This is a transform on the space of formal series. By
definition, for a monomial we have

I(s+1) s

to be compared with the inverse Laplace transform,

£1F(5+1)_{p for Rp >0 (4.92)

pstl 0 otherwise

For a formal series, the Borel transform is the formal sum of the Borel trans-
forms of its terms.

Because the k — th coefficient of B{ f} is smaller by a factor k! than the
corresponding coefficient of f, B{f} may converge even if f does not. Since
factorial divergence is commonplace in analytic problems (for reasons that
will become clear in the sequel) this convergence-improving property of B is
very useful.

Also important is that the combination £B is, formally, the identity op-
erator, and must thus have, when properly interpreted, good commutation
properties with function operations.

These two facts account for the central role played by LB, the operator of
Borel summation in the theory of analyzable functions .

AC S
Analytic functions | <—— | Analytic germs | «<—— |Convergent series
T
L L1 B! B

Borel summation

Analyzable functions Summable series

This diagram is crucial to Ecalle’s theory.
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4.5 Definition of Borel summation and basic properties

Series of the form f = S°7° cpaFki——Pmbn =t with R(3;) > 0 fre-
quently arise as formal solutions of differential systems. We will first analyze
the case m = 1,r = 1, 5 = 1 but the theory extends without difficulty to more
general series.

Borel summation is relative to a direction, see Remark 4.119. The same
formal series f may yield different functions by Borel summation in different
directions.

Borel summation along R consists in three operations, assuming they are
possible:

1. Borel transform, f — B{f}.

2. Summation of the series B{ f } and analytic continuation along R*; de-
note this function by F. }

3. Laplace transform, F' — fooo F(p)e P*dp =: LB{f}, which requires
exponential bounds on F', defined in some half plane R(x) > xo.

The domain of Borel summation is the subspace Sg of series for which the
conditions for the steps 1-3 above are met. For 3 we can require that for
some constants Cr, vp we have |F(p)| < Cpe’FP. Or we can require that
| F']l, < oo where, for v > 0 we define

IF]l, = / " P\ F(p)]dp (4.93)

We note that L. := {f : || f||, < oo} forms a Banach space, and it is easy to
check that
LicLLifv>v (4.94)

and that
IF)l, — 0asv— oo (4.95)

the latter statement following from dominated convergence.

4.6 General remarks on Borel summation

A few notes are in order, to understand why Borel summation is natural.

1. If a problem has analytic coefficients and is nonsingular, or regularly
perturbed, the series expansions are convergent. In differential systems,
a problem is singularly perturbed if the highest derivative is formally
small, for instance in problems like f' 4+ f = 1/x or, exiting the realm
of one variable, ef” 4+ h(z)f = g.
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. In singularly perturbed problems the highest derivative belongs formally
to the right side. One then iterates upon the highest derivative. For
generic analytic functions, by Cauchy’s formula, f(™ grows roughly like
const™n)

. It is then natural to diagonalize d/dx. Then, by repeated iteration of
d/dz yields geometric rather that factorial divergence. This is much
easier to resolve.

. The operator d/dz is diagonalized by the Fourier transform. Since it is
often the case that we deal with asymptotic problems, for say a large
variable x, we would like to perform it while keeping x large. The
Fourier transform on a vertical contour in the complex domain is in fact
an inverse Laplace transform, cf. (1.56).

. L71f" = pf thus repeated differentiation means repeated multiplication
by p. As noted in 4 above, Factorial growth is replaced by geometric
growth, much easier to control.

. The formal inverse Laplace transform (Borel transform, B) of a small
zero level transseries, that is of a small multiseries, is defined, roughly,
as the term-by-term inverse Laplace transform of the series. It is still a
level zero transseries,

B Z cpr ke = Z ap<* !/ (k-a—1)! (4.96)

k>0 k>0
where the factorial is understood in terms of the Gamma function.

The result of summing a formal series is still a formal series, convergent
or not.

. One difference between £~! and B is that £z~ = p’/b! for all
small p, not only for ®p > 0.

. A series is classically Borel summable if (a) the series in p in (4.96) is
convergent (as a Puiseux series) for small p, (b) the sum admits analytic
continuation along Rt and (c) the sum f is analytic in a neighborhood
of the real line, along which f does not grow faster than exponentially.
The norm can be taken the sup norm with weight e="? for some v, or
LY (R*, e~ "Pdp) etc.

. The Borel sum is then, by definition the Laplace transform of f. As
mentioned before the whole process is formally the identity, and it should
preserve “all properties”.
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10.

11.

12.
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4.6a Borel summation as analytic continuation

There is another interpretation which clarifies showing Borel summation
should commute with all operations. We can take the more general sum

i (=D*T(Bk + )

T (4.97)

k=0

which for 3 = 1 agrees with (1.50). For § = 4, (4.97) converges if |z| > 1,
and the sum is, using the integral representation for the Gamma function
and dominated convergence,

L 4.98
=t (4.98)
Analytic continuation of (4.98) back to 3 = ¢ becomes precisely (1.51).

Exercise 4.99 Complete the details in the calculations above. Show
that continuation to i and to —i give the same result (1.51).

Thus Borel summation should commute with all operations with which
analytic continuation does. This latter commutation is very general, and
comes under the umbrella of the vaguely stated “principle of permanence
of relations” which can hardly be formulated rigorously without giving
up some legitimate “relations”.

We will extend this summation to transseries. In practice however,
rarely does one need to Borel sum several levels of a transseries®: once
the lowest level has been summed, usually the remaining object is con-
vergent.

As we shall see, generic formal solutions which allow for small real valued
exponential corrections are not Borel summable, in the classical sense.
Even the prototypical example Zi’;o E!lz=F=1 is not summable since its
Borel transform (1 — p)~! is not real-analytic. Natural extensions (me-
dianization, multisummation) exist to cover these cases. Higher powers
of the factorial can often be easily dealt with by changes of the inde-
pendent variable. For instance, in >y, (k!)?2 7! we achieve that by
taking = y? to get Z,;“;O(k!)Qy_%‘*‘Q. Note that k!? roughly behaves
like (2k)!. But at times, mixtures of series may occur and no single
change of variable suffices. This is dealt with by multisummability.

As a rule of thumb, we pass to the variable in which divergence is fac-
torial. It will turn out that this is intimately linked to the form of free

1That is, terms appearing in higher iterates of the exponential.
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small exponential corrections. If these are of the form e~** then diver-
gence is usually like (n!)'/9. The variable should then be chosen to be
t = 29. This t is the critical time.

The reason for this choice can be understood as follows. If we expect
the solutions of an equation to be summable with respect to a power of
the variable, then the possible freedom in choosing the Laplace contour
in the complex domain should be compatible with the type of freedom
in the solutions. For instance we can take the Laplace transform of
(1 —p)~! along any ray other than R*. An upper half plane transform
differs from a lower half plane transform precisely by 2wie™*. But sub-
or super-exponential corrections cannot originate in proper Borel sums.
This will be proved shortly.

It is crucial to perform Borel summation in the adequate variable. If the
divergence is not fully compensated, then obviously we are still left with
a divergent series. “Oversummation”, the result of overcompensating
divergence usually leads to superexponential growth of the transformed
function. The presence of singularities in Borel plane is in fact a good
sign.

For equation (4.101), one can check that the divergence is like v/n!. The
equation is oversummed if we inverse Laplace transform it in x; what
we get is

2H' —pH =0; H(0)=1/2 (4.100)

and thus H = %ep2/ 4. There are no singularities anymore but we have
superexponential growth; this combination is a sign of oversummation.
After oversummation there is no obvious way of taking the Laplace
transform close to the real line. In some cases, a simple change of
variable, as we have seen, can cure the problem.

For inst2&nce, to find the antiderivative of e””Q, g = e we can write
g = ue” and then

2zu’ +u=1 (4.101)

The freedom is that of an additive constant, g = Per” + C and thus the
correction is roughly e~ times the dominant term. The critical time
is t = 22. We then take it is convenient to take g = h(z2)e®". The
equation for A is

1
W4h=_—— 4.102
Wi (4.102)

If the transform of the solution of an equation is summable, then it is
expected that the transformed equation should be more regular. In this
sense, Borel summation is a regularizing transformation.
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In the case of (4.102) it becomes
—pH + H =p~Y2p71/2 (4.103)

an algebraic equation, with algebraic singularities. The irregular singu-
larity has been removed.

16. We see though that H is not Laplace transformable, since it has a pole
at p = 1. This type of difficulty is not so rare, and it is dealt with
by an appropriate Ecalle medianization. This is a suitable universal
linear combination of analytic continuations, chosen in such a way that
averaging commutes with the Laplace convolution (1.53) and the Borel
sum of a product is the product of Borel transforms. We will return to
this. For (4.103) it all amounts to taking the half-sum of the Laplace
transforms along contours from 0 to (1 + ie)oo.

Exercise 4.104 Show, using dominated convergence, Morera’s and Fubini’s
theorems that if F € LY then LF is analytic in x in the half plane R(x) > v.

Note 4.105 FEquivalently we can say that the series f is Borel summable if it
is the asymptotic series as x — +oo of LF with F' analytic in a neighborhood
Dr+ of RT (in particular, we say such a function is real-analytic on [0, +00))
and exponentially bounded at infinity. The domain Dr+ as well as the bounds
may depend on F. The definition is unambiguous since on the one hand the
asymptotic series of a function is unique, and, by Watson’s Lemma, if the
asymptotic series of LF is zero, then the Taylor series of F at p = 0 s zero
as well, and then F = 0.

Definition 4.106 (Inverse Laplace space convolution) If f,g € L} then

loc
(f * 9)(p) = / " H(9)9(p— )ds (4.107)

Lemma 4.108 The space of functions which are in L'[0,¢) for some € >
0 and real-analytic on (0,00) is closed under convolution. If F and G are
exponentially bounded then so is F + G. If F,G € L} then F xG € L.

Proof. The statement about L' follows easily from Fubini’s theorem. Analyt-
icity follows by writing

/” fi(s)fa(p — s)ds = p/ f1(pt) f2(p(1 —t))dt (4.109)
0 0

which is manifestly analytic in p. Clearly, if [F1| < C1e"'? and |Fy| < Coe?P,
then

|Fy % Fy| < Oy Cape1v2P < 010y ertvatp
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Finally, we note that

[eS)
0

/O " ()G — s)ds

o P

dpS/ e—use_u(p—S)/ |F(s)||G(p—s)|dsdp
0 0

:/0 /0 Y |F(s)e~"T|G(r)|dr = |F[ G, (4.110)

by Fubini.

Remark 4.111 The results above can be rephrased for more general series of
the form Y e ckx ™" by noting that for R(p) > —1 we have

Lp? =" 'T(p+1)
and thus

S r—1 r—1 o0
—k—r ) _ P p —k
g (Z ) =T e P (Z )

Furthermore, Borel summation summation naturally extends to to series of
the form

o
§ Ckx—k—r
k=—M

where M € N by defining

[e'e] 0 o3}
LB ( Z ck:ckT) = Z ckr FTT+ LB ( ckxkr>
k=—M k=0

k=—M

and more general powers can be allowed, replacing analyticity in p with ana-
lyticity in p™, ..., p"m.

Proposition 4.112 (i) Sg is a differential field,®> and LB : Sg — LBSp is a
differential algebra isomorphism.

(i) If S. C Sp denotes the differential algebra of convergent power series,
and we identify a convergent power series with its sum, then LB is the identity
on S,..

(iii) In addition, for f € Sp, LB{f} ~ f as |z| — co, R(z) > 0.

Proof. (i) Clearly Sp is a linear space; furthermore, f=0 < Bf =
0 < LB{f} = 0 (the last step follows from the injectivity of £ which, in
our case also follows from Watson’s Lemma as in Note 4.105 above.)

2with respect to formal addition, multiplication, and differentiation of power series.
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Exercise 4.113 Show that if Bf = F and Bj = G then Bf§ is the power
series inp of F xG.

To show multiplicativity, we use Note 4.105. Analyticity and exponential
bounds of |F % G| follow from Lemma 4.108. Consequently, F' x G is Laplace
transformable, and by elementary properties of Laplace transforms (or by
performing a simple change of variables in a double integral) we see that

L(F*G)=LFLG

We have to show that if f is a Borel summable series, so is 1/ f . We have
f=Cz™(1+ s) for some m where s is a small series.
We want to show that

1-s+s2—s34... (4.114)
is Borel summable, or that
542 -3 (4.115)
is Borel summable. Let Bs = H. We examine the series
S=-H+HxH—-H®+... (4.116)

where H*™ is the self convolution of H n times. Each term of the series is
analytic, by Lemma 4.108. If max,ep |H(p)| = m, then it is easy to see that

n—1

p
H*"| < n1ER — 4117

Thus the function series in (4.116) is absolutely and uniformly convergent in
D and the limit is analytic. Let now v be large enough so that |H||, < 1.
This is possible by (4.95). Then the series in (4.116) is norm convergent, thus
an element of L}.

Exercise 4.118 Check that (1+ LH)(1+ LS) = 1.

It remains to show that the asymptotic expansion of L(F * G) is indeed the
product of the asymptotic series of LF and LG, which is a consequence of
the more general fact that the asymptotic series of a product is the product
of the corresponding asymptotic series.

(ii) Since fi1 = f =Y o ckr "1 is convergent, then |c;| < CRF for some
C,R and F(p) = > po,cxp®/k! is entire, |F(p)| < > po, CR*p"/k! = CeltP
and thus F' is Laplace transformable for |z| > R. By dominated convergence
we have for |z| > R,

oS N e
£{ chpk/k!} = ]\}En £{ chpk/k!} = chl‘_k_l = f(x)
k=0 k=0 k=0

(iii) This part follows simply from Watson’s Lemma, cf. § 3.1a. O
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Remark 4.119 We note that in the last step in Borel summation we may
take the integral in p along a different half-line in C, as long as R(zp) > 0,
and the algebraic properties are preserved. But it is also easy to check that
the path matters, in general. For instance, if x € RT and Bf = (1 —p)~!, the
half line can be any ray in the open right half plane, other than R™. But

oei0t o—p oei0— o—p
/ dp — / dp = 2mie™"
0 1-p 0 1-p

thus a convention for a choice of ray is needed.
Definition. The Borel sum of a series in the direction ¢ (arga = ¢), (LB)sf

is by convention, the Laplace transform of Bf in the direction that ensures
xp € RT,

i}

(LB), f = /Om e P*F(p)dp = L_4F = LF(-e™*) (4.120)

We can also say that Borel summation of f along the ray arg(z) = ¢ is defined
as the (real) Borel summation of f(zei?).

Control over the analytic properties of B f near p = 0 is essential to Borel
summability (classical or generalized). Indeed, by the Borel-Ritt Lemma,
§3.77, for any power series f = Z;O:O crx™® and any sector S there exist
(many) functions f analytic in S and asymptotic in S to f [17]. Now, choosing
0 >0, a sector S of angle larger than 7 + §, and any f such that f ~ fin S,
and denoting f; = f, then Proposition 4.53 below shows that f—co—cjz ™!
L{F,} with F} analytic in a sector of angle §; in addition, by Watson’s Lemma
(see Lemma 3.37), L{F1} ~ fi in S. Any series would thus be “summable”
(very non-uniquely) in this weak sense. Summable series f are distinguished
by the analytic properties of F; at p = 0.

Since in most cases of interest B f has singularities in the complex plane,
different functions LB4f are obtained for different ¢. For example, we have

— k! 1y _ | e *(Ei(x) —mi) for ¢ € (—m,0)

£Bs kZ—O Rt Lofl=p)"} = {e_z(Ei(x) +mi)  for ¢ € (0,7)

(4.121)
while the series is not classically Borel summable along RT, because of the
pole at p = 1.

(iv) On the other hand it can be seen by deforming the contour in £ that
if Bf is analytic and has uniform exponential bounds at infinity for arg(p) €
(—d1,92), then the function LBy f is the same for all arg(z) € (—d2,01), in
contrast to (4.121).
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4.6b Recovering exact solutions from formal series.

If a differential equation has a formal solution f € Sp then LB f is an actual
solution of the same equation. For example

ff—f=a (4.122)

for # — oo has the series solution f = Y22 (—x) % k! and B{f} =

> reo(—p)¥ sums to the Laplace transformable function (1 + p)~!. Now,
for any f € Sp and f € LB(Sg) we have
ff=f-at=0< LB(f - f-27")=0 (4.123)
— (LB{f}) —LB{f} —at=0 (4.124)
In particular,
= e Prdp
LB = = 4.125
Y (1.125)

is an actual solution of (4.122). Solving the analytic problem (4.122) in
LB(Sp) has reduced thus to an essentially algebraic question, that of find-

ing f.

4.6c  Stokes phenomena: first examples

Rotation of the contour of integration in the complex plane is a convenient
way to calculate the change in asymptotic behavior with respect to the sector
of analysis. We illustrate this on a simple case:

o0 e—pm
= d, 4.126
va) = [t (1.126)

and we would like, say, to find the asymptotic behavior in the complex plane
of the analytic continuation of this integral with respect to x after one anti-
clockwise loop around infinity. A simple estimate of the integral over an arc
of radius R shows that for z € RT y(x) also equals

—imw/4

ooe —px
x) = dp 4.127
o= [ (1127)

Then the functions given in (4.126) and (4.127) agree in RT thus they agree
everywhere they are analytic. Furthermore, the expression (4.127) is analytic
for argx € (—m/4,37w/4) and by the very definition of analytic continuation f
admits analytic continuation in a sector arg(z) € (—n/2,37w/4). Now we take
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x with argz = 7/4 and note that along this ray, by the same argument as
before, the integral equals

—7i/2

ooe —px
) = d 4.128
va = [ (1128)

we can continue this rotation process until arg(z) = 7 — € in which case we
have

—mitie

oxoe —px
y(z) = / dp 4.129
W=/ (1129)
which is now manifestly analytic for arg(x) € (7/2 —€,37/2 —€). To proceed
further, we relate the integral below the pole to the integral above the pole,
noting that their difference is simply calculated in terms of the at the pole:

—Twi—ie —Titie

ooe —px ooe e—paj
/0 T pdp - /0 T +pdp = 2mie” (4.130)
and thus i
ooe e—pm
f(z) = /0 . +pdp — 2mie” (4.131)

which is manifestly analytic for arg(z) € (7/2+¢€,37/24¢). We can now freely
proceed with the analytic continuation in similar steps until arg(z) = 27 and
get

f(ze®™) = f(x) — 2mie” (4.132)

The function has nontrivial monodromy at infinity. We also note that by
Watson’s Lemma, as long as f can be written as a pure Laplace-like integral,
f has an asymptotic series in a half-plane. The relation (4.131) shows that
this ceases to be the case when arg(z) = w. This line is called a Stokes line.
The exponential, “born” there is smaller than the terms of the series until
arg(z) = 37/2 when it becomes the dominant term of the expansion. This
line is called an Antistokes line. The fact that the function itself is not
single-valued in a neighborhood of infinity is also seen from the calculation
(take first z € RT)

oo _—uxt 0o _—s 1 —s oo _—s
flz) = e_m/ € dt= e_f’:/ € ds=e" (/ ° s —|—/ c ds)
1 t T S x S 1 S
1 —5 1 —s _ 1
=e 7 (Cl —I—/ es ds) =e 7 <01 +/ ¢ " ds — lnx>

= e “ (entire —Inx) (4.133)

The Stokes phenomenon however is not due to the multivaluedness of the
function but to the divergence of the asymptotic series, as seen from the
following simple remark.
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Remark 4.134 Assume f is analytic outside a compact set and is asymptotic
to f as |x| — oo (in any direction). Then f is convergent.

PROOF By the change of variable z = 1/z we move the analysis at zero.
The existence of an asymptotic series as z — 0 implies in particular that f
is bounded at zero. Since it is analytic in C\ {0} then zero is a removable
siungularity of f, and thus the asymptotic series, which as we know is unique,
must coincide with the Taylor series of f at zero, a convergent series.

The exercise below also shows that the Stokes phenomenon is not due to
multivaluedness.

Exercise 4.135 * (1) Show that the function f(x) = [ e=*"ds is entire.
(2) Note that

oo 1 [ et 1 0o ,—z2u —z? poo —z?p
/ e_szds:f/ e—dt:—/ ¢ du = & / ¢ dp
. 2 Jp2 Vi 2z )1 Vu 2z Jo V1+p
(4.136)
Do a similar analysis to the one in the text and identify the Stokes and anti-

stokes lines for f. Note that the “natural variable” now is x2.

4.6d Nonlinear Stokes phenomena and formation of singu-
larities

Let us now look at (4.63). If we take n to be a complex variable, then the
Stokes lines are those for which after deformation of contour of the integral

o 1-5 = (GH1)e?
P 4.137
/o Pl 1) (4.137)

in (4.63), which is manifestly a Borel sum of a series, will run into singularities
of the denominator. This happens when n is purely imaginary. Assume that

n is on a ray argn = —mw/2 + €. We let
4 ()
F =
(p) p2<€_p—1)

We rotate the contour of integration to argp = m/2 — €, compare with the
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integral to the left of the imaginary line and get the representation

ooe
»/O

in/2—ie im/2+ie

F(p)e "Pdp = / F(p)e”"Pdp+2mi Z ResF(p)e™ "P|p=2jri
0 .
jeN
Ooeiﬂ/2+ie
_ —np
- /O F( ) dp + Z 6277.]771
JEN
coeim/2Fic

= /0 F(p)e ™dp —In(1 — exp(—2nmi)) (4.138)

where the sum is convergent when argn = —m/2 + ¢, and thus, when argn =
—m/2 4 € we can also write

1 . coei™/2tie
rn+l)=— V2 (2 F(p)e—"Pd
(n+1) 1 — exp(—2nmi) ™ (e) P /0 (p)e P

(4.139)
from which it is manifest that I is analytic in the complex plane, has Stirling’s
formula as asymptotic series in the classical sense for arg(n) € (—m,7) and
has simple poles at all negative integers.

We see that these poles occur on the antistokes line of I', and the first
time corrections are visible, they come in the form of singularities. We also
note that, after reexpansion of the log, the middle expression in (4.138) is
a Borel summed series plus a transseries in n (although now we allow n to
be complex). Singularities occur precisely where the transseries ceases to be
valid formally, on the line where |€2™"| &« 1. This is typical when there are
infinitely many singularities in Borel space, generically the case for nonlinear
ODEs that we will study in more detail in the sequel (this is the reason we
spoke of nonlinear Stokes phenomena). This is also the case, as we saw, in
difference equations. Our calculations also show that we have, for arg(n) # 7

InT'(n+1) ~n(lnn —1) — %ln(Qﬁn) + P.S. (4.140)

where P.S. is a power series

1 1 1 1 1
12z 360z + 12602>  1680z7 + 118829
(explain the sign pattern and the fact that it is an odd series; this is a spe-
cial case of Dingle’s rule of signs that we shall study later, asserting roughly
speaking that small exponentials are born on the rays where all signs are in
phase). The power series Borel sums to

P.S =

lnF(n—I—l —In| 27rn( ) | arg(n e (—w/2,7/2)
InT(n+1)—In[v27n (@) |- - In(1 — exp(—2nmwi)) argn € (—m,—
InT(n+ ) In [\/% (2)"] = In(1 — exp(2n7i)) argn 6(4(72r, v

Nl

P.s. %
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and the lines argn = 4m/2 are Stokes lines. We note that nothing special
happens to the function on these lines, while the asymptotic series has the
same shape. The discontinuity lies in the representation of the function as
a Borel summed series. Something similar, although the similarity should
not be pushed too far, happens with the function (1 + z)~! when z = 1, in
reference to its power series, which diverges at * = 1 without x = 1 being
special in any way for the function.

Exercise 4.142 ** Find the asymptotic expansion for large |x| in all direc-
tions in C of a solution of the Airy equation y' = xy which goes to zero as
x — 4oo. It is convenient to use formulas of the type (4.62). (Note that by
Remark 4.111, Borel summation allows for the Borel transform to be conver-
gent power series in noninteger powers of p).

4.6e Overview of Borel summation results obtained so far

e Some series which are not convergent are Borel summable. (After we
generalize Borel summation we shall see that this is the case in many
problems.)

e Borel summation has many of the good features of usual summation of
geometrically convergent series. In particular, it commutes with alge-
braic operations and differentiation.

e Borel summation gives, via Watson’s Lemma, a transparent description
of the asymptotic properties in the complex domain of the function
obtained.

e The function obtained by nontrivial Borel summation depends on the
direction. The asymptotic properties of functions thus obtained also
depend on the direction. This is seen as Stokes phenomena or formation
of singularities. An example is (4.121).

o If there are finitely many singularities in Borel space (the case, as we
shall see, of solutions of linear ODEs), then a solution that decays in
some direction increases exponentially in complementary directions. If
there are infinitely many singularities (the case of solutions of nonlinear
ODEs and difference equations among others), solutions that decrease
along some directions typically form singularities in complementary di-
rections. An example is (4.141). These singularities are arranged in
almost periodic arrays. The transseries representation of a solution is a
very useful tool to find its singularities in the complex domain, as we
shall see.
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4.6f Some of the difficulties of classical Borel summation

The domain of definition of classical Borel summation is not large enough
to be able to use it to sum transseries. First, L5 only applies to power series,
while for instance the general solution of (4.122) is LB{f} 4+ Ce®. This is not
a serious problem however; the definition £B5 exp(ax) = exp(ax) solves it.

A more substantial difficulty is encountered within simple power series. The
change of variable z — (—z) in (4.122) leads to the equation f' + f = 1/,
with formal series solution f = 77, klz =%, We now get 3" Bf = (1—p)~*
which is not Laplace transformable, because of the nonintegrable singularity
at p = 1. Although one can avoid the singularity by shifting the contour
of £ in the complex plane, there is no systematic way to define the shift
to allow for arbitrary location of the singularities of a general Bf, and if
the contour of integration has to depend on f, then the linearity of LB is
lost. (Commutation with complex conjugation is also lost if the contour of
integration is not fixed.) Restricting however the location of singularities
would make Borel summability incompatible with the trivial change of variable
x +— Const.x.

Finally, LB cannot be usefully restricted to those f € Sg for which F; =
B{f} is entire and | Fy (p)| < C1e“2Pl in C, because this simply entails the con-
vergence of f. Indeed, by shifting the contour of integration in fooo e P*Fy(p)dp
and rotating z simultaneously to keep xp real and positive, we see that
(LFy)(z) is single-valued near infinity. By Proposition 4.112 LF; ~ f1 as
|z| — oo, x € C, therefore oo is a removable singularity of LF; and the series
f1 converges.

Furthermore, as a manifestation of Stokes’ phenomenon, as we saw in the
previous section, a single-valued function f cannot be asymptotic to the same
divergent expansion in every direction in the complex plane.

Since the restrictions needed for classical Borel summation to apply do
not allow it to define a sufficiently general isomorphism, one looks instead at
extensions of LB, as an operator.

4.7 Gevrey classes, least term truncation, and Borel sum-
mation

In the simple example of Ei(z), factorial divergence is associated with the
possible presence of exponentially small terms, terms beyond all orders. This
and the power-of-factorial-like divergence of formal asymptotic series of so-
lutions of differential equations are quite general phenomena, as will become
clear in the following chapters.

Let now f = Yoo ¢z " be a formal power series and f a function asymp-
totic to it. The definition (1.12) provides estimates of the value of f(z) for
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large z , within o(x="), N € N, which are, as we have seen, insufficient to
pin down a unique f associated to f . Simply widening the sector in which
(1.12) is required cannot change this situation since, for instance, exp(—z'/™)
is beyond all orders of f in a sector of angle almost m.

It seems then reasonable to attempt to (a) lower the errors in the approxi-
mation of f by the truncates of f to less than O(e*COHSt"x‘), to roughly match
the “natural” indeterminacy of f, and then (b) look for estimates in a wide
enough sector in the hope of ruling out any possible terms beyond all orders,
in this way restoring uniqueness of the association between f and f. In some
cases this strategy is successful. One important approach in this class is due
to Gevrey (see e.g. [10]).

The formal series

B oo
f@) =Y e, w00
k=0

is by definition Gevrey of order 1/m, or Gevrey-(1/m) if || < C1C5 (kD)™
for some Cy,Cs. Taking x = y™ and g(y) = f(x), then g is Gevrey-1 (albeit
not necessarily an integer power series, the generalization to noninteger power
series is immediate) and we will focus on this case. Also, the corresponding
classification for series in z, z — 0 is obtained by taking z = 1/z.

Remarks 4.143 (a) The Gevrey order of the series Y, (k!)"z~% r > 0, is the
same as that of Y, (rk)!z . Indeed, if € > 0 we have, by Stirling’s formula,

Const (14 ¢€)~% < (rk)!/(k!)" ~ Const k*~" < Const (1+e)*

(b) There is a simple connection between the Gevrey order of formal power
series solutions of a differential equation at an irregular singular point and the
type of exponentials of the associated homogeneous equation. For illustration
consider the example of the equation z9t'y’ — ay = 1 in a neighborhood
of zero, with ¢ € N. The coefficients ¢, of a formal power series solution
¥ = Y .50 ckz" satisfy the recurrence ag = 0 and (k — q)ck—q + ack = 0 if
k—gq>0.1If ¢ > 1 we get cjqrq = a’j!, the series diverges and z = 0 is an
irregular singularity. Using part (a) above we see that the series is Gevrey-q.
On the other hand, the solution of the homogeneous equation 24ty —ay = 0

is C'exp (—gz_‘I). Precise asymptotic control of the coefficients of formal

power series solutions can be obtained for quite general differential systems,
see e.g. [23].

Exercise. Formulate and prove a more general result in the spirit of Remark
4.143 (b) for n-th order linear differential equations.
*
Let f be Gevrey-1 . A function f is Gevrey-1 asymptotic to f as r — o0 in
a sector S if for some Cs,Cy,C5, and all z € S with |z| > C5 and all N we
have
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[f@) = fN] < e x| VTN 4 1)! (4.144)

i.e. the error f — f[N] is of the same form as the first omitted term in f

Remark 4.145 Iff is Gevrey-1 and f is Gevrey-1 asymptotic to f then f
can be approximated by f with exponential precision in the following sense.
Let N = | |x/Cs| | (-] is the integer part) then for any C > Cy we have

flx) — N () = O(|z| 72~ 1=1/CY |2 large) (4.146)

Indeed, letting |z| = NC3 + € with € € ([0,1) and applying Stirling’s formula
we have

NI(N + 1)CYINCy + ¢ N7 = O(|a| /2 121/C2)
O

Notes. (a) A heuristic discussion about the strategy may be helpful now;
rigorous statements will follow.

Usually the imprecision implied by (4.146) is larger than the potential terms
beyond a Gevrey-1 series f , at least in some directions.

However, if the estimate (4.146) holds for f in a sector S;t of opening
more than , then it is easy to see that (4.146) cannot hold at the same time
for f and for f + C'e=C"*"2=™ no matter what C”,m,p > 1 are, unless
C" = 0. Since terms beyond all orders, if present, are expected to be some
combinations of powers, exponentials and logs, these and similar attempts
suggest that if f satisfies (4.146) in S, then f is unique. Theorem 4.147
below shows that this is true.

(b) It is also interesting that when there is a unique f in S;; with the
property (4.146), then f is Borel summable, and f is precisely the Borel sum
of f (Theorem 4.147 below).3

(c) However the same theorem suggests that unless the series f is trivial,
there must exist some Sy4+ in which no f is Gevrey—1l-asymptotic to f and
where this method of associating an f to f fails. In addition we note that
there is no entire function of exponential order one at infinity (i.e., f(x) <
Cy exp(Ca|z|)) which is Gevrey—1 asymptotic to a divergent series in more
than a half plane. Indeed if there was such a function f then the Phragmén-
Lindeléf principle applied in C\ Sy would imply that f is bounded at infinity,
thus f and f would be constant.

(d) Summation to the least term as will be detailed in the Chapter 4, is in
a sense a refined version of Gevrey asymptotics. It requires optimal constants
in addition to an improved form of Rel. (4.144). In this way the imprecision

3Borel summability is clearly not ensured by the Gevrey character of f alone, since such
estimates give no information about Y Bf beyond the implied disk of convergence.
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of approximation of f by f turns out to be smaller than the largest exponen-
tially small “possible” term beyond all orders, and thus the cases in which
uniqueness is ensured are more numerous.

4.7a  Connection between Gevrey asymptotics and Borel
summation

The following theorem goes back to Watson [12].

Theorem 4.147 Let f =3, cex™ " be a Gevrey-1 series and assume the
function f is analytic for large x in Sy = {x : |arg(z)| < m/2+ 0} for some
0 > 0 and Gevrey-1 asymptotic to f in Syy. Then

(i) f is unique.

(i) f is Borel summable in any direction e*R* with |6] < § and f = LBy f.

(iii) B(f) is analytic (at p = 0 and) in the sector S; = {p : arg(p) €
(=0,0)}, and Laplace transformable in any closed subsector.

(iv) Conversely, if [ is Borel summable along any ray in the sector S;
given by |arg(x)| < 6, and if Bf is uniformly bounded by e”'?! in any closed
subsector of Ss, then f is Gevrey-1 with respect to its asymptotic series f n
the sector |arg(z)| < /2 + 4.

Notes. (i) In particular, when the assumptions of the theorem are met,
Borel summability follows using only asymptotic estimates.

(ii) We also see that the cases described in Theorem 4.147 in which Gevrey
estimates ensure uniqueness of the association between f and f are weaker
than those in which f is Borel summable, since Borel summability requires
analyticity in some neighborhood of R™ and not in a sector.

Proof of Theorem 4.147. Let us note first a possible pitfall. Inverse Laplace
transformability of f follows immediately from the assumptions. What doesn’t
follow is analyticity of the transform at zero. On the other hand, the formal
inverse Laplace of f trivially converges to an analytic function. But there is
no guarantee that this analytic function has anything to do with the inverse
Laplace transform of f! This is where Gevrey estimates enter.

(i) If f1 and fy satisfy the assumption of the theorem, then by Proposi-
tion 4.145, for some constants C1,Cy (same for fi and fo) we have

f1(x) = faw)] < Cry/Jafe 21! (4.148)

in a sector of opening more then 7. Note that by Proposition 4.53 L={ f1— f2}
exists and is analytic for arg(p) € (=4, ) and that, by (4.148), for |p| < Cs
the contour of integration in (4.55) can be pushed to infinity implying that
LY f1 — fo} = 0 on the interval (0,Cs). By analyticity L71{f; — fo} =0
and the inversion formula gives f; — fo = 0.

(ii) By a simple change of variables we arrange C; = Cy = 1. The series
Fy = Bf is convergent for |p| < 1 and defines an analytic function, Fy. By
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Proposition 4.53, the function F' = L1 f is analytic for |p| > 0, | arg(p)| < 6,
and F(p) is analytic and uniformly bounded if |arg(p)| < 61 < §. We now
show that F' is analytic for |p| < 1. Taking p real, p € [0,1) we obtain in view
of (4.144) that

5 100+ N N
B~ PN ) < [ dls[f(s) = 7Y s R0
—i00+N
e dzx > dzx
1ePV T NlePN -
< Nle /_Oo e = Ve /_OO e (414)

where we take x = N tant and get the estimate for the last term

NlepN (/2
W/ cosV 2(t)dt < constN3/2e®P~UN (N — o) (4.150)
—m/2

Since the RHS in (4.150) vanishes in the limit N — oo for p € [0,1), this
implies F' = F for p € [0,1), thus F' = F} for any p with |p| < 1 and also for
any p with | arg(p)| < 9.

Since Y. Bf = £~ f, (iii) follows now from Proposition 4.53.

(iv) Let |¢| < 6. We have, by integration by parts,

fl@) = fNU@)=aNe——F (4.151)

On the other hand, F' is analytic in S,, some a = a(¢$)—neighborhood of
the sector {p : |arg(p)| < |¢|}. Estimating Cauchy’s formula on an a—circle
around the point p with |arg(p)| < |¢| we get

[F (p)] < Na(¢) ™V [[F(p)locss,

Thus, by (4.151), with |0] < |¢| chosen so that v = cos(f — arg(z)) is maximal
we have

5 oo exp(—1i0)
@) - 7| = ‘w—N | FO (p)e Py
0

oo
< Nla | N[ Fe P s, / eI dp = const.N1a =Ny o =N | Flouss,
0

(4.152)

for large enough x. 0O
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4.7b  Stokes lines

Theorem 4.147 and the discussion in §4.6f show that for a non-convergent
Gevrey-1 series f there must exist sectors of opening more than 7 where no f
is Gevrey—1 asymptotic to f . These “singular” directions reflect the presence
of the local Stokes phenomenon .

DEFINITION. Let f be Gevrey-1.
We say that f is Gevrey-1 asymptotic in S(¢;e; R) where

S(d;e R) ={x: [z > R, [arg(z) — ¢| <7/2+ €}

if there exists [ analytic S(¢;¢; R) such that f % fin S(¢; €; R) (then this f
is unique, by Theorem 4.147).

If ¢ is such that f is not Gevrey-1 asymptotic in S(¢; € R), we say that
dy = {x : arg(x) = ¢} is a Stokes ray for f.

Proposition 4.153 Letf be Gevrey-1. Then f is divergent iff it has at least
a Stokes ray .

PROOF  This property of f is clearly independent of any finite number
of terms in f so we may assume f = >, frz~*. If f is convergent then
clearly it has no Stokes line s. For the converse, we assume that f has no
Stokes line s and for ¢ € [0, 2w + 0] we let €4, > 0, Ry, f4 be such that f, % f
in S(¢;ep; Ry). If E(¢) is the sup of €4 such that f is Gevrey-1 asymptotic in
S(¢;eq; Ry) for some Ry then it is easy to check that E(¢) is continuous in
¢ and then, for some N € N we have infyc(o 2745 E(¢) > (2/N) > 0. In all
sectors S; = S(j/N;€;/n; Rj/n) with 0 < j/N < 2746 the series f is Gevrey-
1 asymptotic, and since S; N .S;41 is wider than 7 we have by Theorem 4.147
that fi11y,n = fin if 0 < j/N <27r +6. Thus f;/y = f is independent of
j and in particular f is single-valued at infinity. Thus, by Liouville’s theorem
f is analytic at infinity and f is convergent.

4.7c  Strategies of Borel summation of formal power series
solutions: an introduction

Assume we intend to solve using Borel summability techniques an ODE,
say

V+y=a"+¢y° (4.154)

To find a formal power series solution we proceed as usual, separating out the
dominant terms, in this case y and z~2. We get the iterations scheme

Yl (@) =272 = Y1~ Yoy (4.155)
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with ypo = 0. After a few iterations we get
G(r) =2 2420 3460 4242 +121 270473227 T +5154 278+ -+ (4.156)

For differential equations of this kind there exist results in great generality as
to the Borel summability of formal transseries solutions, and we shall see a
few of these in the sequel. The purpose now is to illustrate a strategy of proof
that is convenient and which applies to a reasonably large class of settings.

It would be technically awkward to prove, solely based on (4.156) that the
Borel transform of the series is convergent, extends analytically along the real
line and that is has the required exponential bounds towards infinity.

A better approach is to control the Borel transform of ¢ via the equation
it satisfies. This equation is the formal inverse Laplace transform of (4.155),
namely, setting Y = By

—pY +Y =p+ Y xY Y :=p+Y* (4.157)

We then show that the equation (4.157) has a (unique) solution which is
analytic in a neighborhood of the origin together with a sector centered on
R* in which this solution has exponential bounds. Thus Y is Laplace trans-
formable, and immediate verification shows that y = LY satisfies (4.154).
Furthermore, since the Maclaurin series S(Y') formally satisfies (4.157) then
the formal Laplace (inverse Borel) transform B=1SY is a formal solution of
(4.154), and thus equals § since this solution, as we proved in many simi-
lar settings is unique. But since then SY = By it follows that g is Borel
summable, and the Borel sum solves (4.154).

The transformed equations are expected to have analytic solutions, there-
fore to be more regular than the original ones.

4.7c .1 Regularizing the heat equation

foo — fr =0 (4.158)

Since (4.158) is parabolic, power series solutions

00 o0 F(Qk)
F=Y () =) ‘;{7'15’“ (4.159)
k=0 k=0

are divergent even if Fj is analytic (but not entire). Nevertheless, under
suitable assumptions, Borel summability results of such formal solutions have
been shown by Lutz, Miyake, and Schéfke [15] and more general results of
multisummability of linear PDEs have been obtained by Balser [10].

The heat equation can be regularized by a suitable Borel summation . The
divergence implied, under analyticity assumptions, by (4.159) is Fj, = O(k!)
which indicates Borel summation with respect to t~!. Indeed, the substitution
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t=1/7; f(t,x)=t"Y%g(r,2) (4.160)

yields

1
Gz + ngT + 57_9 =0

which becomes after formal inverse Laplace transform (Borel transform) in 7,

. 3. .
Pdpp + 59p + Gax =0 (4.161)
which is brought, by the substitution g(p,z) = p_%u(ar:7 2p%); y = 2pz, to the
wave equation, which is hyperbolic, thus reqular

Uz — Uyy = 0. (4.162)

Existence and uniqueness of solutions to regular equations is guaranteed by
Cauchy-Kowalevsky theory. For this simple equation the general solution
is certainly available in explicit form: u = fi(z — y) + fa(z + y) with f1, fo
arbitrary twice differentiable functions. Since the solution of (4.162) is related
to a solution of (4.158) through (4.160), to ensure that we do get a solution
it is easy to check that we need to choose f1 = fo =: u (up to an irrelevant
additive constant which can be absorbed into u) which yields,

[SIE

flt,x) = t2 /000 Y- [u (x+ Qy%) +u (:v — Qy%)] exp (f%) dy (4.163)

which, after splitting the integral and making the substitutions = + Qy% =s
is transformed into the usual Heat kernel solution,

flta) =t % / ~ u(s) exp <—W> ds (4.164)

- At

4.7d Convolutions: elementary properties

The transformed equation (4.157) is a convolution equation and it is useful
to list first some elementary properties of convolutions. Some spaces are well
suited for the study of convolution algebras.

(1) Let v € R* and define L. := {f : R* : f(p)e P € L(RT)}; then the
norm || f||, is defined as || f(p)e~"?||1 where || - ||; denotes the L' norm.

Proposition 4.165 Ll is a Banach algebra with respect to convolution.
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PROOF Note first that if f € Ll then the Laplace transform of f exists
for R(z) > v and f,g € L} implies

|wwmz/

dp

p—s)ds

Ye " g(p — 8)€7V(p75)d5

dp

=/
< [ [t

=/‘u@fﬂ/’@w@fﬂ@=wmmn<mm>
0 0

dsdp

In particular, convolution is well defined in L. and we have, by a very similar
calculation,

L[f+g]=(Lf)(Lg) (4.167)

Furthermore,

LIfx(g=h)] = LIfIL[g*h] = LIfIL[g]L[A] = L[(f +g)*h]  (4.168)
and since the Laplace transform is injective, we get

fx(gxh)=(fxg)xh (4.169)

and convolution is associative. Similarly, it is easy to see that

frg=gxf, fx(g+h)=[fxg+[fxh (4.170)

(2) A simple generalization is to allow p to be complex. We say that f €
LL(R*e™) (along the ray {te!? : t € RT}) if f, := f(te'®) € LL. Convolution
is defined as

(f+9)p / f(s =
Iple’ ‘ 4
ez¢/0 f(te“lﬁ)) (€ (|p| — t)dt = €'®(f4 % go)(|ple’?)  (4.171)

and it is clear that L.(R*ei?) is also a Banach algebra with respect to con-
volution.

Similarly, we say that f € L1(S) where S = {te’® : t € RT,¢ € (a,b)} if
[ € LL(RTe™) for all ¢ € (a,b). We define ||f[l,,s = supge(ap 1111 reie)-
LL(S) is also a Banach algebra.
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(3) The L) spaces can be restricted to an initial interval along a ray, or a
compact subset of S, with the norm restricted to the appropriate subset. For
instance,

1
LL(0.1)) = {f - / e f(3)|ds < oo} (4.172)
0

These spaces are Banach algebras as well. Obviously, if A ¢ B, L1(B) is
naturally imbedded in L. (A).

(4) Another important space is A, (N), the space of analytic functions
analytic in a star-shaped neighborhood A € C of the interval [0, K] in the
norm (v € RT)

11l = K sup e~ £ (p)
peEN

Note This norm is topologically equivalent with the sup norm, but this form
is better suited for controlling exponential growth.

Proposition 4.173 The space Ak, is a Banach algebra with respect to con-
volution.

PROOF  Analyticity of convolution is proved in the same way as Lemma 4.108.
Associativity and commutativity of convolution are shown either by a strategy
similar to the one in the previous proposition, or by direct verification.

To show continuity of convolution we let [p| = P, p = Pe’® and note that

’Ke—“’ [ rsato - s)as

P . .
_ ‘Ke—”’ /O F(te®)g((P — 1)ei®)dt

P
= ’K‘l/ Kf(te'?)e ™ Kg((P — t)ei?)e P~ dt
0

P
SK*lllfllllgll/ dlt] = [[fllllgll (4.174)
0

0

Note that Ag,, C LL(N).
(5) Finally, we note that the space Ak ,.o(N) ={f € Ax,(N): f(0) =0} is
a closed subalgebra of Ak ,.

Remark 4.175 In the spaces Li, Ak, Ak o ete. we have, for a bounded
function f,

Ifgll < llgll max |f|
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4.7e  Spaces of sequences of functions

In Borel summing not simply series but transseries it is convenient to look
at sequences of vector-valued functions belonging to one ore more of the spaces
introduced before. We let

Y= {Yiheo; KEZ", yxeC" (4.176)
We let
Y ={Y} (4.177)
If F and G are functions with values in C", we write
We let -
N
Ly, ={Y € (L)Y : > ¥ Y], < oo} (4.178)
k=1
N
Y

We introduce the following convolution on L,l,’ u
N N n—1
(Fi G) = Z Fj * Gk,j (4.179)
k j=1
Exercise 4.180 * Show that

N * N N N
IF2Glvw S IF ol G llop (4.181)

(L} 0+ % [ lvp) where || ||, is the norm introduced in (4.178) is a Banach

algebra.

4.7f Focusing spaces and algebras

An important property of the norms introduced, on the spaces L. and
Ak 0 is that for any f in these spaces | f|| — 0 as v — co. In the case L}
this is an immediate consequence of dominated convergence.

More generally, we say that a family of norms ||||,, depending on a parameter
v € RT is focusing if for any f with || f||,, < oo

[fll10asv oo (4.182)

Let &€ be a linear space and {||||,} a family of norms satisfying (4.182). For
each v we define a Banach space B, as the completion of {f € £ : || f|l, < oo}.
Enlarging £ if needed, we may assume that B, C £. For o < 3, (4.182) shows
that the identity is an embedding of B, in Bg. Let F C & be the projective
limit of the B,. That is to say
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F:=|JB, (4.183)

v>0

is endowed with the topology in which a sequence is convergent if it converges
in some B,. We call F a focusing space.

Consider now the case when (B,,+,*,||||,) are commutative Banach al-
gebras. Then F inherits a structure of a commutative algebra, in which *
(“convolution”) is continuous. We say that (F,x,||||,) is a focusing alge-
bra.

Examples. The spaces (J,- Ll and U0 Akiwio and L,a# are focusing
algebras. The last space is focusing as v — oo and/or g — 0.

Remark 4.184 The following result is immediate. Let A, B be any sets and
assume that the equation f(x) = 0 is well defined and has a unique solution
r1 in A, a unique solution xs in B and a unique solution x3 in AN B. Then
Ty = o = x3 = x. In particular, if A C B then x € AN B.

4.8 Borel summability of solutions of nonlinear equa-
tions: an introduction

4.8a An example. Borel summability of the main series

Note Since we have a Banach algebra structure in Borel plane, differential
equations become effectively algebraic equations, much easier to deal with.
The concepts an methods used for the simple equation

v A4y=a2+y> (4.185)

capture a good part of the ones needed in a general setting.
Formal inverse Laplace transform of (4.185) yields, with the notation £~ 1y =
Yand Y =Y Y xY,

, 1
Y +Y =p+ Y oY = L+—p¥*3 = N(Y) (4.186)

Let [a,b] € (0,27), and S = {p : arg(p) € (a,b), Sk ={p € S : |p| < K},
B={p:|p|<a<1}.

Proposition 4.187 (i) For large enough v, Eq. (4.186) has a unique solu-
tion in the following spaces: LL(S),LL(Sk),A,0(Sk U B). (ii) There is a
solution of Y which is analytic in S U B and is Laplace transformable along
any direction in S. The Laplace transform is a solution of (4.185).
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PROOF  The proof is the same for all these types of spaces, call them
generically S, since for each type their inductive limit is a focusing algebra.
Choose € small enough. Then for large enough v we have

p
H | < /2 (4.188)

v

Let B be the ball of radius € in the norm v. Then if F' € B8 we have

p
Wl < |2

1
< €/2 4 max 1‘ V]2 =¢€/24ce® <e (4.189)
p—

v

if € is small enough (that is, if v is large). Furthermore, for large v, N is
contractive in B for we have, for small €,

IN(ED) —N (Bl < elFr = F§¥ll = cll(F — By (Fy2 4+ Fy s Fy + ),
< |(F1 — F)|,(36%) < e (4.190)

(ii) We have the following embeddings: LL(S) C LL(Sk), Av0(Sk UB) C
L1(Sk). Thus, by Remark 4.184, there exists a unique solution Y of (4.186)
which belongs to all these spaces.

Thus Y is analytic in S and in LL(.9), in particular Laplace transformable.
The Laplace transform is a solution of (4.185) as it is easy to check.

It also follows from the argument that the formal power series solution g of

(4.185) is Borel summable in any sector not containing R™, which is a Stokes
line. We have, indeed, By =Y (check!).

4.8a .1 Convergent series composed with Borel summable series

Proposition 4.191 Assume A is an analytic function in the disk of radius
p centered at the origin, a, = A®)(0)/k!, and § =3 spx™* is a small series
which is Borel summable along RY. Then the formal power series obtained by

reexpanding
S o

in powers of x is Borel summable along RT.

PROOF Let S = Bs and choose v be large enough so that ||S||, < p~! in
Ll. Then

1Fl o= [AGS) L o= 11 arS™ [l < D arllS[5 < D arp® < oo (4.192)
k=0 k=0 k=0

thus A(xS) € L. Similarly, A(xS) is in L.([0,a)), in Ak ,v([0,a)) for any a.

I
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4.8b Borel summation of the transseries solution

If we substitute

(oo}
y=1o+»_ Cre g (4.193)
k=1
in (4.185) and equate the coefficients of e=** we get the system of equations
k—1
U+ U=k =300)0k =300 Y G-+ Y. Gnbnls,  (4.194)
Jj=1 Jitie+iz=k;ji>1

The equation for y; is special, being linear homogeneous.

Y1 = 3yon (4.195)
and thus .
y1 = Ce®; s:= / 3y2(s)ds (4.196)

Since § = O(x~3) and it is the product of series which are Borel summable in
C\RT, 5 and then, by Proposition 4.191 e° is Borel summable in C\R*. We
note that y; = 14 o(1) and we cannot take the inverse Laplace transform of
y1 directly. It is convenient to make the substitution y, = ¥y and we get

k—1
G+ (1 —k—3@3 + ko ")pr =358 > ¢jPr—j + > CIRCINGIR
j=1 Jitjet+is=k;ji>1

(4.197)
or after Borel transform

—p®+ (1 —k)® = —k*«®+3Y;24« D+ 3V« DPLD + BLBED  (4.198)

where ® = {®;}jen, (k®), = B and (F x G)g := F x Gy

Proposition 4.199 Given ®; € L., (4.198) is contractive in the space of
sequences {®;};>2 in the norm of L;# for any p if v is large enough. Thus
(4.198) has a unique solution in this space. Similarly, it has a unique solution
in L}, (S), L}, ,,(S), Avu(Sk) for any S and Sk as in Proposition 4.187. Thus
there is a v large enough such that for all k

—iarg(z)

or(x) = /Oooe e~ PPy (p)dp (4.200)

exist for |x| > v. The functions pi(x) = @r(x)" are analytic in x and inde-
pendent of argx for arg(x) € (—n/2,2m 4+ w/2). Similarly, o(x) = @r(z)”
are analytic in © and independent of argx for arg(x) € (=27 — w/2,7/2).
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(i) The function series

Z Che Mool (x) (4.201)
k=0

or -
ZCﬁe‘k"”mknp; (x) (4.202)
k=0

solve (4.185) for R(x) > v(Cy), arg(z) € (—7/2,7/2).

Note. The solution cannot be written in the form (4.201) or (4.202) in
a sector of opening more than 7 centered on Rt because the exponentials
would become large and convergence is not ensured anymore. We shall see
that, generically, there is in fact blow-up of the actual solutions.

Exercise 4.203 * Show that distinct values of Cy in (4.201) give rise to
distinct solutions. We will see shortly that all o(1) slutions are of this form.

Exercise 4.204 ** Prove Proposition 4.199.

Proposition 4.205 Any Solution of (4.185) which is o(1) as © — 400 can
be written in the form (4.201) or, equally well, in the form (4.201).

PROOF Let y* be the solution of (4.185) of the form (4.201) with C' = 0.
Let y be another solution which is o(1) as * — +o00 and let § =y — y*. We
have

8 = =0+ 3y35 + 3y + 63 (4.206)
or 5
5= —1+43y3 + 3yod + 0% = —1+o(1) (4.207)
Thus (since we can integrate asymptotic series),
Ind =—x+C1 +0(1) (4.208)
or
Ind =Ce ™ *(1+0(1)) (4.209)
We then take § = e~ % and obtain
s = 3yg + 3ype TS 2wt (4.210)
or @
s=0C1+ /L (Syg(t) + 3ype @ 4 e‘2t+2s(t)) dt (4.211)

For fixed Cq, (4.211) is contractive in the space of functions s : [v,00) — C
in the sup norm. The solution of this equation is then unique. But s =
In(y™ — yc) + = where yc is the solution of the form (4.201) with C = InC}
is already a solution of (4.211).
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4.8c  Analytic structure along R*

By Proposition 4.187, Y = Yj is analytic in any region of the form BU Sk.
We now aim to show that Yy has analytic continuation along curves that do
not pass through the integers.

For this purpose we shall exploit (4.202) and (4.201). From them we will
derive the behavior of Y. It is a way of exploiting what Ecalle has discovered
in more generality, bridge equations.

We start with a relatively trivial, and in fact nongeneric case.

Assume y; = y_ =: . Since

+ie

Yy = / Y (p)e P dp = yo (4.212)
0

and Y is analytic in C \ RT, we have, by the usual contour deformations and
Watson’s Lemma that yo ~ o in the sector Sy{x : arg(x) € (—27 — /2,27 +

m/2)}.

Exercise 4.213 * If we take the sector S = {p : |arg(p)| > €} we know that
for some v, Y € LL(S). We also know that Y (0) = 0 and is analytic near
zero. Show that this implies that there is a constant C' and a v so that for
|z| > v yo is analytic in S, and

lyo(z)| < Clz|™2 Vz €8y, |z|>v (4.214)

Thus, yo is inverse Laplace transformable along any line of the form ei®(c +
it),t € R,¢ > v. We let this inverse Laplace transform to be Y7; it is bounded
by Ke'IPl| for some K independent of argp (by immediate estimates). In
particular it belongs to Ll (Re'®) for all ¢ € (—2m,27). But it must coincide
with Y for any ¢ # 0 by uniqueness of the solution in L1, for v/ large. We
thus get the estimate inherited from Y;

Y (p)| < Ke"'!, Vp,arg(p) # 0 (4.215)

Thus Y is uniformly bounded in C \ R*. Consequently, J(p) = [J Y (s)ds
defined on C \ R™ has continuous limits as Ji(p) as R is approached from
above or from below and |J+(p)| < |ple”!?.

On the other hand, we have for |z| > v, by dominated convergence,

+ie i€
ooe ooe d oo
Yo :/ e’pr(p)dzD:/ e*’“ij(p) dp=:c/ Ji(p)dp (4.216)
0 0 dp 0

Since the Laplace transforms of Ji(p) coincide and the kernel of the Laplace
transform is {0}, then J; = J—, thus J is continuous, and then by Morera’s
theorem it in analytic in C. So Y is entire. In this case, yo is analytic at
infinity and the series § converges.
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We now consider the (generic) case when y; # y~. Then there exists S
such that

yt = / e Y (p)dp =y~ + > _ SFe Mk (x) (4.217)
0 k=1

Thus

tie

/m e PY (p ZS’“ hegk oo (2) (4.218)

ocoe—tE
In particular, we have

tie

l/ e P"Y (p :—S/ (p)dp + O(x?e*") (4.219)

T Jooe—ie

4.8d  General setting

We consider the differential system

y' =f(z,y) yecCr (4.220)

under the following assumptions:

(al) The function f is analytic at (oo, 0).

(a2) A condition slightly weaker than nonresonnance: for any half plane H
in C, the eigenvalues A; of the linearization

g )
A= 0 4221
(8yj<oo ) (4.221)

lying in H are linearly independent over Z. In particular, all eigenvalues are
distinct and none of them is zero.

Pulling out the inhomogeneous and the linear terms (relevant to leading
order asymptotics) we get

o 1 -
y' = fo(x) = Ay + —Ay + g(z.y) (4.222)

Then matrix A can be diagonalized by a linear change of the dependent
variable y. It can be checked that by a further substitution of the form
vi=({I+ ac_lV)y, the new matrix A can be arranged to be diagonal. No
assumptions on A are needed in this second step. See also [17], [28]. Thus,
without loss of generality we can suppose that the system is already presented
in prepared form, meaning;:

(n1) A = diag()\;) and
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(n2) B = diag(8,)
For convenience, we rescale x and reorder the components of y so that

(n3) A1 =1, and, with ¢; = arg(\;), we have ¢; < ¢; if i < j. To simplify
notations, we formulate some of our results relative to A1; they can be easily
adapted to any other eigenvalue.

To unify the treatment we make, by taking y = y;z~V for some N > 0,

(nd) R(G;) <0, j=1,2,...,n.
(there is an asymmetry at this point: the opposite inequality cannot be
achieved, in general, as simply and without violating analyticity at infin-
ity). Finally, through a transformation of the form y <y — 22/[:1 apr " we
arrange that

(n5) fo = O(z=™~1) and g(z,y) = O(y?, 2=M~1y). We choose M > 1 +
max; %(761) .

Formal solutions. In prepared form, given (al) and (a2), (4.222) admits an
n—parameter family of generalized transseries solutions (check!)

y=Yo+ . CP . ChremeNmghomg, (4.223)
k>0;[k|>0

We note that we allow for complex valued transseries, though we restrict
ourselves to the case when the real part is negative. In this sense we speak of
them as generalized transseries. In our context we will not need to combine
them in a way in which we end up with purely imaginary exponentts, and so
the ordering with respect to < is still preserved.
These formal solutions have been known, under the name of formal exponential-
series solutions, for almost a century now) see [17], [26],[30], and also § Ac
below) where m; = 1 — |3;], (|-] = integer part), C € C" is an arbitrary

vector of constants, and yy = z~KB+m) Z?io ak;lx_l are formal power series.

When z is large in some direction d in C, an important role is played by
the subset of transseries which are at the same time asymptotic expressions?:
When there are infinitely many exponentials in (4.223) we ask that for all ¢
with C; # 0 we have [e=*%| < 1 for large x in the given direction d in C.
Formally, agreeing to omit the terms with C; = 0, with z in d, any ascending
chain R(—k; - Az) < R(—ko-Az) < ..., k; #k;, in (4.223) must be finite (the
terms of an asymptotic transseries are well-ordered with respect to " <').
Thus for x in some direction d we only consider those transseries that satisfy
the condition:

(cl) E+ ¢y :=arg(x) +¢; € (—n/2,m/2) for all i such that C; # 0. In other
words, C; # 0 implies that A; lies in a half-plane centered on d, the complex
conjugate direction to d.

4An asymptotic expansion of a function carries immediate information about behavior of
the function near the expansion point (in contrast to antiasymptotic expansions, e.g. a
convergent doubly infinite Laurent series)
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From now o1, A= (>‘i17' . 'a)‘inl)v /6 = (ﬁiu s 7ﬂin1)’ m = (mi17 cee 7min1)
and B’ = B + m where the indices iy, ... ,i,, satisfy (c1).

We will henceforth consider that (4.222) is presented in prepared form, and
use the designation transseries only for those formal solutions satisfying (c1).

The series ¥ is a formal solution of (4.222) while, for k # 0, yx satisfy
a hierarchy of linear differential equations [17] (see also § Ac for a brief
exposition and notations).

y = 5’0 + Z Cfl e C"’jne_(k‘)\)ka~m}~,k (ZL' — 00, a’rg(x) _ €4224)
k>0;|k|>0

Given y, the value of C; can change only when £ + arg(\; — k- A) = 0,
k; € NU {0}, i.e. when crossing one of the (finitely many by (c1)) Stokes
lines. The correspondence (4.224) defines a summation method, in the sense
that it is an extension of convergent summation which preserves its basic
properties: linearity, multiplicativity, commutation with differentiation and
with complex conjugation. These properties are essential for obtaining true
solutions out of transseries for nonlinear differential equations. Our procedure
is similar to the medianization proposed by Ecalle, but (due to the structure
of (4.222)) requires substantially fewer analytic continuation paths. In addi-
tion we classify in the context of (4.222) all admissible summation methods
(there is a one-parameter family of them, preserving the properties of usual
summation). Summation recovers from transseries actual solutions of (4.222)
without resorting to (4.222) in the process. In addition, the analysis reveals a
rich analytic structure and formulas linking the various yyx among themselves
(resurgence relations). In [21] we studied this problem under further restric-
tions on the transseries (decay of the exponentials in a full half-plane) and on
the differential equation. Removing those restrictions creates difficulties that
required a new approach. New resurgence relations are found and in addition
we provide a complete description, needed in applications, of the singularity
structure of the Borel transforms of yy.

The results proven for this type of equations may be, informally, summa-
rized as follows. The proofs are given in §5.

i) All yx are generalized Borel summable at the same time.

it) The Borel summed series yx = BYyy exist in a half plane H = {x :
R(x) > zo} for some xg independent of k and are analytic there.

i) There exists a constant ¢ independent of k so that sup,cp [yk| <

ck. Thus, the new series,

y = Z Che Mkrgpky, (2) (4.225)
ke (NU{0})™
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is convergent for any C for which the corresponding expansion
(4.2283) is a transseries, in a region given by the condition |Cie~N%x%| <
¢;’t (remember that C; is zero if |e= | is not small).

iv) The function 'y obtained in this way is a solution of the differential
equation (4.222).

v) Any solution of the differential equation (4.222) which tends to
zero in some direction d can be written in the form (4.225) for a
unique C, this constant depending usually on the sector where d
is. This dependence is a manifestation of the Stokes phenomenon.

vi) The Borel summation operator B is the usual Borel summation
in any direction d of x which is not a Stokes line . However B is
still an isomorphism, whether d is a Stokes direction or not.

4.8e Some remarks about structure of singularities in Borel
space and resurgence phenomena

Let us look at a very simple prototypical example

y'+2+a )y - @B+ Yy =2y
We take y; = y,y2 = ' and get a system of equations of the form

() = (%) () 20D (1) +2 ()

Diagonalization of the two 2-by-2 matrices on the right hand side is achieved
easily my making a transformation of the dependent variable of the form
y — (M1 + a2 M )y for suitably chosen M; and the system that results is of
the form

() = (9 (=) + 2 (5 2) (1)  (embmm)

satisfying our assumptions. In this particular example, the eigenvalues, though
not linearly independent over Z still satisfy the weaker conditions in [20] and
the general theory applies. If the direction of interest for the variable z is RY,
then the only admissible exponential is e™® as e?* tends to infinity instead of
being small. Thus there is in the direction of R™ a one-parameter only family
of transseries, in the form

n

Z Ck kxxkayk( )

k=0
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4.8¢ .1 Analytic continuations

The series yj, will be classically Borel summable in any direction other than
R* and R™. It turns out that along any Stokes line , here R* and R~, the
Borel transforms Yy, = By}, develop arrays of singularities. These singularities
are located at positive multiple integers of 1, and —2. It is proved that the
functions Y can be continued analytically along any paths in the complex
plane that go towards infinity (the modulus of p increases along the path)
and cross between the singular points in the arrays at most once. Borel
summability along the special directions of the singularities is ensured both
in a sense of distributions, in which generalized Laplace transform is taken
through the singular points, or, equivalently, as a specific average of analytic
continuations along the paths mentioned above. The averaging formula is the
same, irrespective of the differential equation.

4.8¢ .2 Resurgence

This is another very important phenomenon that occurs in differential sys-
tems, in which the higher index series yyi are related to yo in a way that does
not depend on the differential equation and permits reconstruction of the y,
thus of the general formal solution and ultimately of the whole differential
equation from the mere knowledge of yo. For instance under proper normal-
ization, the Yy are related to differences in the analytic continuations of Y
along the various paths between singularities.

4.9 Normalization procedures

Many equations which are not presented in the form (4.222) can be brought
to this form by changes of variables. The key idea for so doing in a systematic
way is to calculate the transseries solutions of the equation, find the transfor-
mations which bring them to the normal form (4.223), and then apply these
transformations to the original variables in the differential equation. The first
part of the analysis need not be rigorous, as the conclusions are made rigorous
in the steps that follow it.

We illustrate this on a simple equation, as ¢t — oco:

o =ud —t (4.226)

This is not of the form (4.222) because g(u,t) = u® — t is not analytic in ¢ at
t = 0o. This can be however remedied in the way described.
As we have already seen before, dominant balance for large ¢ requires writing
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the equation (4.226) in the form
uw=(t+u)/? (4.227)

and we have v’ < t. Three branches of the cubic root are possible and are
investigated similarly, but we aim here merely at illustration and choose the
simplest. Iterating (4.227) in the usual way, we are lead to a formal series
solution in the form

1 — @
- 1/3 1,43 _ 41/3 k
a= P st =t Ztsws (4.228)
k=0
To find the full transseries we now substitute u = 4 + ¢ in (4.226) and keep
the dominant terms. We get
9, 2
—=—t*2 4 ZInt
55 T3

from which it follows that

§=Ct2/3esr”
Since the normalized transseries must have exponentials of the form e™*, the
adequate independent variable must then be x = —%t‘r’/ 3. In this variable, the
formal power series (4.228) takes the form

(4.229)

oo

i=a"Y Z—: (4.230)
k=0

But the desired form is Z;O:O b Thus the appropriate dependent variable is

ra
h = 21/%u. In this variable, we are led to the equation

, 1 3 1

h+ th +3h 5= 0 (4.231)
where analyticity at infinity is now ensured! The only remaining transforma-
tion is to pull out a few terms out of A, to make the nonlinearity of the order
g = O(x72 h?). This is done by calculating, again by dominant balance,
the first two terms in the 1/x power expansion of h, namely 1/3 — z71/15
and subtracting them out of h, i.e., changing to the new dependent variable
y=h—1/3+2!/15. This yields

1 _
Vo= —y+ oy + oy b (4.232)

where

3y2 1 Y 1

1 2 3

gly, =-3 +y°)+ — — +

(v, 27) (v ) %4 1522  25x% 325323

(4.233)
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We see that

A=1, a=1/5 (4.234)






Chapter 5

Ordinary differential equations.
Summability of formal solutions

5.0a Nonresonance

(1) Ai, i = 1,...,n1 are assumed Z-linearly independent for any d. (2) Let
0 € [0,2r) and A = (Xiys s Ai,) where |arg A, — 0| € (—m/2,7/2) (those
eigenvalues contained in the open half-plane Hy centered along e'?). We re-
quire that for any # the complex numbers in the set {:\7 —k-A€Hp: ke
NP ¢ =1,...,p} (note: the set is finite) have distinct directions. These are
the Stokes lines d; k.

That the set of A which satisfy (1) and (2) has full measure follows from
the fact that (1) and (2) follow from the condition:

<m7m'€Z”, a € R and (m—am')~/\:O) :>(m:am’) (5.1)
Indeed, if (5.1) fails, one of RA;, I\, is a rational function with rational

coefficients of the other A; and I\, corresponding to a zero measure set in
R2",

5.0b Further notations and conventions

If y1 and yo are inverse Laplace transformable functions, then in a neigh-
borhood of the origin L7 (y1y2) = (L7 1y1) * (L7 1y2), where for f,g € L!
convolution is given by

p
frgmpr [ F(e)glo - s (5.2)
0
We use the convention N > 0. Let

W={peC:p£k\,VkeN,i=1,2,...,n} (5.3)

The directions d; = {p : arg(p) = ¢;},j = 1,2,...,n (cf. (a2)) are the
Stokes lines of ¥ (note: sometimes known as anti-Stokes lines!). We construct
over W a surface R, consisting of homotopy classes of smooth curves in W

149
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FIGURE 5.1: Constant level lines for the imaginary part of i cos(z + iy)

starting at the origin, moving away from it, and crossing at most one Stokes
line, at most once (see Fig. 1):

g|7(t)| > 0; arg(y(t)) monotonic}

Ri={7:(0,1) = W: 3(04) =0
modulo homotopieg.4)
Define Ry C R by (5.4) with the supplementary restriction arg(y) € (¢, —
27, 19) where 1, = max{—7n/2, ¢, — 27} and ¥ = min{n/2, ¢2}. Ry may
be viewed as the part of the covering R, above a sector containing the real
axis. Similarly we let R’y C Ry with the restriction that the curves v do
not cross the Stokes line s d; x (cf. §5.0a ), other than RT, and we let ¢, =
+ max(+argy) with v € R';.

Fig 1. The paths near g belong to R.
The paths near A1 relate to the balanced average

By AC,(f) we denote the analytic continuation of f along a curve 5. For
the analytic continuations near a Stokes line d;x we use symbols similar to
Ecalle’s: f~ is the branch of f along a path v with arg(y) < ¢;, while f=7+
denotes the branch along a path that crosses the Stokes line between j\; and
(7 + 1)A; (see also [21]).
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We use the notations Pf for fo s)ds and P, f if integration is along the
curve .

We write k = k' if k; > k[ for all 4 and k = k’ if k > k" and k # k. The
relation = is a well ordering on N"1. We let e; be the unit vector in the ;!
direction in N™.

By symmetry (renumbering the directions) it suffices to analyze the sin-
gularity structure of Yo in Rq only. However, (cl) breaks this symmetry
for k # 0 and the properties of these Yy will be analyzed along some other
directions as well.

X 4 will denote the characteristic function of the set A. We write |f| :=
max;{|f;|}. We have

Y)=> am@y' = Y gazry' (2] >z, lyl<w) (55)

1]>1 s>03[1/>1

where y! = yil coyle and 1] =1 +- - +1,. By construction gs; = 0 if 1] = 1
and s < M.

The formal inverse Laplace transform of g(z,y(z)) (formal since y is still
unrestricted) is given by:

£ Z Y(x)lzgs,w*s = Z G +Y"+ Z g0 Y = N(Y)

n>1 5>0 [1>1 [1>2
(5.6)
with Gi(p) = Yo, gs1p° 1 /s! and (G1* Y*); : = (Gi); * « Y7 % kY By
(nb), G gl)l( 0) =0 if [I] =1 and I < M. The inverse Laplace transform of
(4.222) is the convolution equation:

—pY =Fy— AY — BPY + N(Y) (5.7)

Let dj(z) :== > 155 (Jl) gl(x)y(lfj. Straightforward calculation (see Appendix
§ Ac ; cf. also [21]) shows that the components i of the transseries satisfy
the hierarchy of differential equations

ik (A4 (Brem) ea )y 3 aion =

- (5.8)

where tx = tx (Yo, {¥x’ }o<1 <k ) 15 @ polynomialin {yw }o s o, and in {d;}j<k
(see (5.225)), with t(yo,0) = 0; tx satisfies the homogeneity relation
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tx <YO, {Ck/yk/}0<k/<k> = C'ktk (YO, {Yk’}0<k/<k) (5-9)

Taking £~ in (5.8) we get, with Dj = 3, ; (Jl) [Gl « Y0 gy« Yg(l_j)} ,

(-p+A—kA) Y+ (B+k-m)PYi+ Y Dy« Yy =T
=

(5.10)

where T is now a convolution polynomial, cf. (5.144).

5.0c Main results

(a) Analytic structure.

Theorem 5.11 (i) Yo = Byg is analytic in R U {0}.

The singularities of Yo (which are contained in the set {I\; : | € Nt j =
1,2,...,n}) are described as follows. For I € NT and small z, using the
notations explained in §5.00 |

Y5 (z+1)) =+ [(isj)l(hl 2)"1 Y, (2)} " + Byj(z) =

(Im;

{zlﬁé’l(lnz)o’l Alj(z)} ) + Blj(z) (i1=12,...) (5.12)

where the power of In z is one iff IB; € Z, and Ay;,By; are analytic for small
z. The functions Y are, exceptionally, analytic at p =1X;, | € NT, iff,

Sj =r;L(B;) (A1), (0) =0 (5.13)

where r; = 1 — e2milB; 1) if 1B; ¢ Z and r; = —2mi otherwise. The S; are
Stokes constants, see Theorem 5.26.

(ii) Yx = By, |k| > 1, are analytic in R\{—k"-A+X; : k' <k, 1 <i<n}.
Forl e N and p near I)\;, j =1,2,...,n there erist A = Ay; and B = By
analytic at zero so that (z is as above)

k.41 (Imy)
Yi(z+1\) =+ {(isj)l< Jl >(lnz)0’1Yk+lej (2) + Bu;(2) =

’ ’ (lmj)

[zk-ﬁ 8= 1(]p 2)0 Aklj(z)} FBi(z) (1=0,1,2,...) (5.14)
where the power of Inz is 0 iff | = 0 ork-B+1B;—1 ¢ Z and Axo; = €;/T'(5}).
Nearp € {\; — k' - X:0 <k’ <k}, (where Yy is analytic) Y, k # 0 have
convergent Puiseur series.
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REMARK: The fact that the singular part of Yi(p + {);) in (5.12) and
(5.14) is a multiple of Yy iie,;(p) is the effect of resurgence and provides a
way of determining the Yy given Y, provided the S; are nonzero. Since,
generically, the S; are nonzero this is a surprising upshot: given one formal
solution, (generically) an n parameter family of solutions can be constructed
out of it, without using (4.222) in the process; the differential equation itself
is then recoverable ([25]).

By Theorem 5.11 the Borel transforms Yy = Byy define germs of rami-
fied analytic functions and are continuable on the surface R. In order to be
able to take Laplace transforms we need to define Byy along any direction
din S. If d # d;x then Yy are analytically continuable along d and the
continuations turn out to have all the properties that we need. But along
Stokes lines d; x analytic continuation is impossible: in general the functions
Y have an infinite array of branch points (5.14). In addition, while both
Y, and Y, turn out to be Laplace transformable (in distributions) along
d; x, EYI‘: and LY, are generically different. Neither the upper nor the
lower continuation would give rise to a definition of Borel summation which
commutes with complex-conjugation, as discussed in the introduction. ther
analytic continuations along paths < that cross d;x have even worse prob-
lems, namely that AC, (Y * Yi) # AC,(Yk) %y AC,(Yyk), (see [21]). As B
transforms differential equations into convolution equations, the implication
is that with such a v, LAC,(Yyx) would not be, in general, solutions of their
differential equations. Individual analytic continuations are thus inadequate
for solving (4.222), but some averages of analytic continuations do satisfy all
the requirements. Let a = 1/2 + io with 0 € R and Byy be extended along
d;x by the weighted average of analytic continuations

Boyie =Yg =Y + ioﬂ (Y,: - Y;“‘”*) (5.15)

Jj=1

Remark 5.16 Relation (5.15) gives the most general reality preserving, lin-
ear operator mapping formal power series solutions of (4.222) to solutions of
(5.7) in distributions (more precisely in Dy, ,; see [20]).

This remark follows easily from Proposition 23 in [20] and Theorem 5.22
below.

The choice o = 1/2 has special properties; we call B 1 Yk = Ylll“ the balanced
average of Y. For this choice the expression (5.15) coincides with the one
in which + and — are interchanged (Proposition 34 in [20]), accounting for
the reality-preserving property. Clearly, if Yy is analytic along d;x, then
the terms in the infinite sum vanish and Yy = Yy; we also let Y{ = Yy if
d # d; x, where again Yy is analytic. It follows from (5.15) and Theorem 5.17
below that the Laplace integral of Y{ along R can be deformed into contours
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as those depicted in Fig. 1, with weight —(—a)* for a contour turning around
kAq.

In addition to symmetry (the balanced average equals the half sum of
the upper and lower continuations on (0,2);), [25]), an asymptotic property
uniquely picks C' = 1/2. Namely, for C = 1/2 alone are the LBy always
summable to the least term, see [20].

(b) Connection with (4.222) and (5.9). Generalized Borel summation co-
incides with the usual Borel summation when the transseries consists of only
one term, the first series, when that series is classically Borel summable. This
is clear from theorem 5.17 (ii) below. Furthermore, generalized summation is
a map from a class of formal series to functions which is linear, multiplica-
tive, commutes with differentiation and complex conjugation [20], so it is a
summation procedure, which furthermore, establishes along every direction a
one to one correspondence between transseries and decaying actual solutions
of (4.222).

For clarity we state the results for z € S;, a sector in the right half plane
containing A\; = 1 in which (c1) holds and for p in the associated domain R’y
but A1 plays no special role as discussed in the introduction.

Theorem 5.17 (i) The branches of (Yx)y in R’y (R1 if k = 0) have limits
in a C*-algebra of distributions, D;,W(R*) C D'. Their Laplace transforms
in Dy, ,(RY) L(Yk), exist simultaneously and with x € S, and for any 6 > 0
there is a constant K and an x1 large enough, so that for R(x) > x1 we have
£(Yi), (@) < KoK,

In addition, Yy (pel®) are continuous in ¢ with respect to the Dy, topology,
(separately) on (¢Y_,0] and [0,¢4) .

If m > max;(m;) and | < min; |\;| then Yo(pe'?) is continuous in ¢ €
[0,27]\{¢; : i < n} in the D,, ,(R*,1) topology and has (at most) jump dis-
continuities for ¢ = ¢;. For each k, |k| > 1 and any K there is an 1 > 0 and
an m such that Yi(pe'?) are continuous in ¢ € [0,27\{¢i; =K - XA+ \; 1 <
n, k' < k} in the Dy, ,((0, K),l) topology and have (at most) jump disconti-
nuities on the boundary.

(i) The sum (5.15) converges in D,, , (and coincides with the analytic
continuation of Yyx when Yy is analytic along RY). For any § there is a
large enough 1 independent of k so that Y2%(p) with p € R} are Laplace
transformable in D), , for R(zp) > x1 and furthermore |(LY}")(x)| < Slkl.
In addition, if d # R, then for large v, Yy € LL(d).

The functions LY are analytic for R(zp) > x1. For any C € C™ there
is an 21(C) large enough so that the sum

y =LY+ ) Cre kg kB oy (5.18)
|k|>0

converges uniformly for ®(xp) > ©1(C), andy is a solution of (4.222). When
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the direction of p is not the real axis then, by definition, Y2* = Yy, L is the
usual Laplace transform and (5.18) becomes

y=LY,+ Z Che kA~ kBLry) (5.19)
|k|>0

In addition, LYY ~ ¥y for large x in the half plane R(xp) > x1, for all k,
uniformly.

iti) More generally, for any a and any solution 'y of (4.222) such that
y ~ Yo for large z along a ray in Sy there exists a constant vector C = Cq.y
so that

y =LBjo+ Y Cke * o BB, 5, (5.20)
|k|>0

Given « the representation (5.20) of y is unique, with the usual convention
of directional Laplace transforms.

Of special interest are the cases a = 1/2, discussed above, and also a = 0,1
which give:

y=LYF+ Y Cre*XgBryy (5.21)
|k|>0

(¢) Resurgence properties; local Stokes phenomenon .

It turns out that the formal series yx are connected among each-other via
their Borel transforms. Resurgence formulas link Yy to analytic continuations
of Yy with k’ < k, in a way that, generically, Y contains enough information
to compute all Y.

Various resurgence properties have been observed in different contexts, and
the term resurgence has been used with slightly different interpretations. In
the hyperasymptotic theory of M. Berry, it was discovered that the first
asymptotic series reappears in various shapes in the process of computing
higher terms of the expansions. J. Ecalle, in his comprehensive theory of
analyzable functions, has obtained a general resurgence principle, the bridge
equation [5]. The common denominator of resurgence is the reappearance of
“earlier” terms in the formulas of “later” ones. It turns out that, for our
problem, resurgence is fundamentally linked to the Stokes phenomenon . In
the following formulas we make the convention Yy (p — j) = 0 for p < j as
an element of D;, ,(R*). We again state the results is stated for p € R} and
x € S, but hold in any sector where (c1) is valid.

Theorem 5.22 i) For all k and R(p) > j,3(p) > 0 as well as in D, , we
have
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Ylj(:ij(p) - Ylﬂ(t(j—l):F(p) _ (:I:Sl)j (klj j) (qu(:+je1 (p— ])> () (5.23)

and also,

j+k } s
vi v+ X (1) eSO - s
jz1

i1) Local Stokes transition.
Consider the expression of a fized solution'y of (4.222) as a Borel summed
transseries (5.18). As arg(x) varies, (5.18) changes only through C, and that
change occurs when Stokes lines are crossed (cf. §5.0a ; the Stokes lines of
Yo are the directions of X\;). We have, in the neighborhood of R™, with S
defined in (5.13):

C~ =C(-0) for & <0
C% = C(-0) + %Slel for£=0

ClO=Y ct=C0)+Ser fore>0 (5.25)

(d) Classical Stokes phenomena and local Stokes transitions. Again we for-
mulate the result below for A\; but with straightforward adjustments it holds
relative to any other eigenvalue. Let C be of the form Cye;. Along the imag-
inary axis, condition (cl) fails. The positive and negative imaginary are the
antistokes lines corresponding to A\; = 1 (note: sometimes called Stokes lines!).
If we choose paths in the right half plane approaching the positive/negative
imaginary axis in such a way that |[z=#1~'e*| — K # 0 along them, where
I+ 8 € (0,M), then y ~ CTz~!=Fre=% 4 3, for large = and the term mul-
tiplied by K is now the leading behavior of y. The particular choice of K
and [ within this range is rather arbitrary, the main point being that along
such special curves, the constant C is definable in terms of classical asymp-
totics. Within the right half plane, it is only near the imaginary axis that
this happens, since otherwise the exponential term is smaller than all terms
of ¥g9. On the other hand Borel summation makes possible the definition of C
throughout the right half plane, and we now address the issue of the relation
between classical asymptotics and exponential asymptotics.

Theorem 5.26 Let y* be two paths in the right half plane, near the positive/
negative imaginary azis such that |x=%Tle="M| — 1 as x — oo along y*.
Consider the solution 'y of (4.222) given in (5.18) with C = Cey and where
the path of integration is p € RT. Then

1
y=(C+ §Sl)e1x*ﬁl+1e*m (1+0(1)) (5.27)
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for large = along v*, where Sy is the same as in (5.13), (5.25).

Classical asymptotics loses track of the value of C along any ray other than
the imaginary directions, as the terms multiplied by C will be hidden “beyond
all orders” of the classically divergent series yo. In contrast to the classical
picture, we see that through generalized Borel summation the constant C is
precisely defined throughout the positive half-plane and the question of where
the change in C occurs is well defined.

Formula (5.25) is the exponential asymptotic expression of the Stokes phe-
nomenon . It shows that the constant jumps as the Stokes line is crossed,
(5.25), as originally predicted by Stokes himself [16]. Subsequently, the origi-
nal ideas of Stokes, based on optimal truncation of series were greatly refined
by M. Berry, leading to his theory of hyperasymptotic expansions and a de-
scription of Stokes transitions for saddle integrals [31].

If more than one component of C is nonzero, then in general there is no
direction along which C can be defined through classical asymptotics. Part
of the difficulty of studying nonlinear Stokes phenomena using classical tools
stems from this fact.

Relation (5.25) expresses the evolution of C and the presence of a Stokes
phenomenon beyond all orders of Poincaré asymptotics.

5.1 Comments on the proof

Many complications in this general setting stem from higher dimensionality,
which complicates the algebra. Apart from that, a good part of the analysis of
the properties of the Borel transformed equation along nonsingular directions
is not that different from the analysis in §4.8a , which should be studied first.

Then we look more carefully at the behavior along singular directions. It
turns out that the study of the convolution equation is not very difficult
even near a singular point. There, by dominant balance we see that the
leading behavior is governed by a linear, regularly perturbed, ODE, which is
used to rewrite the equation in a contractive form. In nonlinear equations,
one singularity is replicated periodically along its complex direction, via the
autoconvolution.

The next task is to find a Borel summation valid along the singular direc-
tions while preserving all properties of usual Borel summation. The approach
is specific to ODEs, and it is not meant to substitute for the very general one
of Ecalle. It has the advantage of simplicity, and also in finding all possible
summation processes, in the context of ODEs. Ecalle’s approach shows that
summation processes such as medianization are universal, i.e. would have the
expected properties regardless of the problem of origin. They are described
in [4].
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We work in the restricted setting of [21], where to simplify the analysis we
assume further that ®(8) > 0 where 3 = Bj,;. Through normalization we
make

R(B) € (0,1] (5.28)

We are interested in the study of the solutions of (4.222) that are decay-
ing for large z, in one of the half-planes R(ze™*?) > 0 with ¢ € (arg\, —
2w, arg A2). These solutions have the same asymptotic behavior at large z,
described by a (typically divergent) power series

<

~ N Yok .
~ Yo = ’ ; R 9) > t >0 5.29
y(z) ~ ¥o kzzg e (|z] — oo (we ) cons ) ( )

For instance, all the solutions of the equation i’ +y = ! have the property
y(x) ~ Yoo kla™* 1 as x — oco. If ¢ # 0 there is only one solution of (4.222)
satisfying (5.29). A much more interesting case is when we take ¢ = 0. Then,
as it is known (and will also follow from the present paper) there is a one
dimensional manifold M ™ of solutions of (4.222) such that (5.29) holds. The
manifold M of all formal solutions which decay in the half plane Rz > 0

=0+ Crety, (5.30)
k=1

also has one free parameter, C € C. In (5.30), yx, k > 0, are formal power
series and y is an instance of a trans-series. In our example ¢/ +y = 27!, y =
YreoklaTF Tl 4 Ce. See Section 5.2f a heuristic construction leading to
trans-series solutions and for references.

The series yj. satisfy the system of differential equations

~ 1 -
}’6 + (A + $B> Yo = fo(x) + g(xayO)

A X ) " n 1
Vi + (A+ %B —k— 8g(m,yo)) Yk = Z w Z HH(ymi,j)i

[1>1 Sm=k i=1j=1
(5.31)

where g) .= 0Wg/dy', (Og)yr = 21, (v&)i(98/0yi), and Y5, stands
for the sum over all integers m; ; > 1 with 1 < ¢ < n,1 < j <; such that
Dy 2?21 m; ; = k. Because m; ; > 1, Y m; ; = k (fixed) and card{m, ;} =
[1], the sums in (5.31) contain only a finite number of terms. We use the
convention [[;.y = 0. The system (5.31) is derived in Section 5.2f .

Starting with & = 1 the equations (5.31) are linear. Note that the inho-
mogeneous term in these linear equations is zero for k = 1, and for k£ > 1 it
involves only y,, with n < k.
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We show that the general solution of (4.222), (5.29) is obtained by replacing
each formal series in (5.30) by its Borel sum which gives a one-to-one corre-

spondence between the formal solutions (trans-series) and the actual solutions
of (4.222), (5.29):

(o) (o)
y=Fo+ > Cre ™™y, —— LyByFo+ > Cre ™™ LyBsyr=y (5.32)
k=1 k=1

The Borel summation operator, £B will be defined precisely. The function
y € MT is convergently defined by (5.32) for large . The left arrow in
(5.32) means that L4B,y%(x) ~ yi(z) for & — oo. The exact statement
corresponding to (5.32) is given in Theorem 5.45.

We study in detail the features of the representation (5.32) and the proper-
ties of the objects involved. The technique that we use differs from that of [4],
[5], [6] and leads to new results. In particular we obtain for the Borel trans-
form of the formal series solutions of differential systems an averaging formula,
having, as the medianization of Ecalle the quality of preserving reality and
of commuting with convolution, but involving a smaller number of analytic
continuations and in addition satisfying the condition of at most exponential
growth at infinity.

For m > 1, the inverse Laplace transform of =™

is
L7l =p™ 1 T(m —1)=Ba™

The Borel transform B of a formal series

y=2") yrz* re(0,1) (5.33)

NE

el
I

1

is by definition the formal series gotten by taking £~! term by term:

o0 ~
S NV e T YE+1 &
By=Y:=p Zmp (5.34)
k=0
Of all the formal solutions (5.30), only the one with C' = 0 (formally) decays
in a half-plane, if the half-plane is not centered on the real axis. On the other
hand, £4By( turns out to be the only solution of (4.222), (5.29) which decays
in the same half-plane centered on ®. Borel summation associates uniquely a
true solution to Yj.
The situation is more complicated and more interesting along Stokes ray
s (we focus on one of them, ® = RT). Condition 2) above is violated and,
generically, the functions Y have an array of branch points along R*. If
we reinterpret 2) and consider paths that avoid the singularities then first of
all, analytic continuation is (a priori) ambiguous. What is worse, the Laplace
transform of such analytic continuations of Y are, typically, not solutions of
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(4.222) (see Section Ab ). However, Laplace transforms of (a one-parameter
family) of suitable weighted combinations of analytic continuations of Y are,
as we will prove, solutions of (4.222). If we require in addition that real series
are Borel-summed to real-valued functions then one of weighted average of

analytic continuations appears as more natural (see also Theorem 5.61 below).
*

To define the Borel transform along the Stokes line RT we construct a
suitable space of analytic functions. Let ¢, = arg Ao, ¢_ = 27 — arg \,,, and

Wi ={p:pZNU{0} and argp € (—¢_,¢4)} (5.35)

(Fig. 1), a sector containing only the eigenvalue A; = 1 and punctured at
all the integers (where the functions By are typically singular; if n = 1 the
condition on the argument is dropped). We construct over Wy a surface Rq,
consisting of homotopy classes of curves starting at the origin, going only
forward and crossing the real axis at most once:

Ry = {7 :(0,1) — Wy s.t. y(04) =0; R(y(¢)) increases in ¢t and

0=S(1(1) = S(1(t) = 1 = ta }
(5.36)

modulo homotopies. Let also

D:=C\U-, {a) :a>1} (5.37)

be the complex plane without the rays originating at the eigenvalues A; of A.

Fig 1. The region Wi. The dotted line is one of the paths that generate Rq.
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Using notations similar to those of Ecalle, we symbolize the paths in R; by
a sequence of signs €1, .., €5, .., €, €; = + or —. For example, ————+ = 4y
will symbolize a path in R; that crosses the real line from below through the
interval (4,5), and then goes only through the upper half-plane (Fig.1); ”+"
is a path confined to the upper half plane, etc. The analytic continuation of
a function Y along the path —*+ will be denoted Y-+

The result below gives a first characterization of the analytic properties of
Byk. (In the following, we choose the determination of the logarithm which
is real for positive argument.)

Proposition 5.38 i) The function Yo := By is analytic in D and Laplace
transformable along any direction in D. In a neighborhood of p = 1

Sp(1—p)P = A(p) + B(p) for  # 1
Y = 5.39
o) {Sﬂ In(1—p)A(p) +B(p) for 6 =1 (5.39)
(see (5.28)), where A, B are (C™-valued) analytic functions in a neighborhood
of p=1.

it) The functions Yy := Byg, k=0,1,2,.. are analytic in Rq.
i11) For small p,
Yo(p) = pAo(p); Yi(p) =p* tAL(p), k=1,2,.. (5.40)

where Ay, k > 0, are analytic functions in a neighborhood of p =0 in C.
i) If S3 =0 then Yi, k > 0, are analytic in Wy, UN.

v) The analytic continuations of Yy along paths in Ry are in L} (RY)

loc
(their singularities along RT are integrable). The analytic continuations of

the Yy, in Ry can be expressed in terms of each other through “resurgence ”
relations of the type:

S’ng = (YO— 3 YO_’C*1+) o1k, on (0,1); (ra:=p—p—a) (541)

relating the higher order series in the trans-series to the first series and

m (k45N
Y, +—Y,j+z< N >SéY;+j07j (5.42)

=1

Sp is related to the Stokes constant .S by
S
55 = | 251 )
— for =1
2m

for 5 #1
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The Borel transformability of the principal series y has been considered for
general systems of differential equations, allowing for resonances (see [8],[9]).

Let Y be one of the functions Y}, and define, on Rt N R; the “balanced
average” of Y:

Yba :Y++i2—k (Y_ _Y_k—1+)HOTk (543)
k=1

(H is Heaviside’s function). For any value of the argument, only finitely
many terms (5.43) are nonzero. Moreover, the balanced average preserves
reality in the sense that if (4.222) is real and y is real then Y?? is real on
R* —N (and in this case the formula can be symmetrized by taking 1/2 of the
expression above plus 1/2 of the same expression with 4+ and — interchanged).
Equation (5.43) has the main features of medianization (cf. [5]), in particular
(unlike individual analytic continuations, see Appendix Ab ) commutes with
convolution (cf. Theorem 5.61). As it will become clear, the advantage of
the definition (5.43) is that Y%¢ is exponentially bounded at infinity for the
functions we are dealing with.
Let again y be one of y; and Y = By. We define:

OOEid)
LyBy =Ly Y =2 +— / Y(p)e P¥dp if ® #£RT
0
LoBy =Ly Y =1+ / Y (p)e PTdp if ® =Rt (5.44)
0

The connection between true and formal solutions of the differential equa-
tion is given in the following theorem:

Theorem 5.45 i) There is a large enough b such that, for R(x) > b the
Laplace transforms Ly Y, exist for all k >0 and ¢ € (—o—, d4), cf. (5.85).
For ¢ € (—¢_,¢4) and any C the series

y(@) = (LeByo) (@) + Y Cre ™ (LyByi)(x) (5.46)
k=1

is convergent for large enough x in the right half plane.

The function 'y in (5.46) is a solution of the differential equation (4.222).

Furthermore, for any k > 0 we have LyBy, ~ yi in the right half plane
and LyBYy is a solution of the corresponding equation in (5.31).

i1) Conversely, given ¢, any solution of (4.222) having yo as an asymptotic
series in the right half plane can be written in the form (5.46), for a unique
C.

i11) The constant C, associated in i) with a given solution y of (4.222),
depends on the angle ¢:
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C(04) for¢p>0
C(¢) = C(04) = 555 for¢=0 (5.47)
C(04) =Sz forp <0

(see also (5.39) ).

Note that by (5.47) the change in the correspondence (5.32) occurs when
the Stokes line argx = 0 is crossed. This is a local manifestation of the Stokes
phenomenon ([16], [17], [18]).

*k

Next, we study the correspondence between the solutions of the differential
equations (4.222), (5.55), their formal solutions and the solutions of the inverse
Laplace transform of these equations, which, in the transformed space, are
convolution equations.

With the convolution defined as

Feai=pr [ 10000~ sds (5.48)

we have, as is well known, L(f x g) = L(f)L(9), L(—pf(p)) = L(f(p))’. (See
Section C for a few more useful formulas.) In (4.222) we write

g y)=> @@y = D gmal™y (€< lyl<w) (5.49)

B m>05]11>1

where by construction go; = g1, = 0 if |I| = 1 and the notation z! means

2. 2In and [1] = Iy +..41,. The formal inverse Laplace transform of g(z, y(z))

is given by:

‘Cil Z Y('r)l Z ngxfm = Z Gl * Y*l + Z g071Y*1 =: N(Y)

=1 m>0 [11>1 1>2
(5.50)
where
oo m—1
p .
Gi(p) = D gma—— (Gui(0) =0 if Ij =1) (5.51)
m=1
G+ Y eC™ (G Y™); = (Gy),; Vy" s« 5 Yt (5.52)

The inverse Laplace transform of (4.222) is the convolution equation:

PY () = Fol) - AY () - 5 | " Y (s)ds + N(Y)(p) (5.53)
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(see (5.50)) where, since fo(z) = O(z~2),

Fo(0) =0 (5.54)

By transforming (5.31) we get, similarly:

(A—p—k)Yr(p)+ B ka(s)ds—Z/p(Yk)](s)D](p—s)ds:
0 =170
n l;
S odix > #[[#[[(Ym.,)i = Ri(p) (k=1,2,..) (5.55)
|1]>1 Ym=k =1 j=1

with dp == L7 (g™ (2,y0)/m!), D, := £L~(0g(x,y0)/dy;) and * [] stand-
ing for the convolution product.

For a given ray ® we consider the equations (5.53) and (5.55) in L}, .(®).
When @ is not a Stokes line, the description of the solutions is quite simple:

Proposition 5.56 i) If ® is a ray in D, then the equation (5.53) has a unique
solution in Li, (®), namely Yo = Byo.

loc

it) For any ray in Wh, the system (5.53), (5.55) has the general solution
solution C*Y ), = C*Byy, k > 0.

The more interesting case ® = R* is dealt with in the following theorem:

Theorem 5.57 i) The general solution in Li,(RT) of the equation (5.53)
can be written in the form:

Yeo(p) =) C*Y(p— k)H(p — k) (5.58)
k=0

with C' € C arbitrary.
ii) Near p =1, Y¢ is given by:

Ss(1—p)P~tA(p) + B(p) forp < 1
veu = { SN AL Ta sl Ay 659)

_ SgIn(l —p)A(p) + B(p) forp <1 -
Yolr) = { (SpIn(1— ) + CYA(p) + B(p) forp>1 B D

where A and B extend to analytic functions in a neighborhood of p = 1.

iii) With the choice Yo = Y52, the general solution of (5.55) in L}, . (R*)
is C*Ybe k€ N.
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Comparing (5.59) with (5.39) we see that if S # 0 (which is the generic
case) the general solution of (5.53) can be written on the interval (0,2) as a
linear combination of the upper and lower analytic continuations of Byg:

Ye=XAY) +(1-X)Yy (5.60)

Finally we mention the following result, which shows that the balanced
average, like medianization [5], commutes with convolution.

Theorem 5.61 If f and g are analytic in R, then f x g extends analytically
in R1 and furthermore,

(fxg)** = fr*xg* (5.62)

As a consequence of the linearity of the balanced averaging and its com-
mutation with convolution, if t; o are the trans-series of the solutions f; 5 of
differential equations of the type considered in the present paper (cf. (5.32)),
and if EBtLQ = f172 then

LB (aty + bty) = afy + bfy (5.63)

Moreover, what is less obvious, we have for the component-wise product
LB(t1t2) = f1fs (5.64)

Borel summation is in fact an isomorphism between a sub-algebra of trans-
series and a function algebra.

5.2 Proofs and further results
5.2a  Outline of the proofs of the main results

To show the results stated in the previous section, we first obtain the general
solution in L . of the convolution system (5.55) in D and then, separately,
on the Stokes line RT. We show that along a ray in D, the solution is unique
whereas along the ray RT there is a one-parameter family of solutions of
the system, branching off at p = 1. We show that any LlloC solution of the
system is (uniformly in k) exponentially bounded at infinity therefore Laplace
transformable and (by the usual properties of the Laplace transform) these
transforms solve (4.222). Conversely, any solution of (4.222) with the required
asymptotic properties is inverse Laplace transformable, therefore it has to
be one of the previously obtained solutions of the equation corresponding
to k = 0. We then study the regularity properties of the solutions of the
convolution equation by local analysis.
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Having the complete description of the family of L}, solutions we compare
different ways that lead to the same solution and obtain interesting identities;
the identities, together with the local properties of the solutions are instru-
mental in finding the analytic properties of Y in R;.

Key to the main proofs. The complete connection with Equation (5.43)
is established in Section 5.2g . For the remaining parts: Proposition 5.38: 1)
follows from Proposition 5.65 and Lemma 5.108; ii) and iii) follow from Propo-
sition 5.187. The proof of (5.40) is given in Remark 5.176 and iv) is shown in
Remark 5.194. Part v) follows from Proposition 5.181 and Proposition 5.187.
Theorem 5.45: 1) and ii) follow from Lemma 5.179 and Proposition 5.169;
iii) is Equation (5.185). Proposition 5.56 follows from Proposition 5.65 and
Lemma 5.179. Theorem 5.57. follows from Proposition 5.145, Lemma 5.125,
Proposition 5.166. The proof of Theorem 5.61 starts with Proposition 5.198
and is continued after it.

5.2b  The convolution equation away from Stokes rays

For any star-shaped set £ in the complex plane containing the origin (i.e.,
a region such that the origin can be connected with any other point in £ by a
straight line segment contained in £) we denote by L4, (£) the set of functions
which are locally integrable along each ray in &.

Proposition 5.65 There is a unique solution of (5.53) in Lyqy(D) (cf. (5.37))
namely Yo = Byg.
This solution is analytic in D, Laplace transformable along any ray ® con-

tained in D and LY is a solution of (4.222).
For the proof we need a few more results.

Remark 5.66 There is a constant K > 0 (independent of p and 1) such that
forallpe C and all1 >0

1Gi(p)[n < K plMlerl! (5.67)

for p > max{&; ,yg 'Yy (¢f (5.49)) (f|a = maxy p{|fil, - |ful} s an Bu-
clidean norm; for the definition of G see (5.51), (5.49) and (4.222)).

Proof.
From the analyticity assumption it follows that

|gm.1|n < Const ™! (5.68)

where the constant is independent on m and 1.
Then, by (5.51),

041 etlpl — 1

Ip|

|G1(p)|a < Const p < Const plt+1erlrl
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O

Consider the ray segments

®p ={ae:0< a< D} (5.69)

and along ®p the L' norm with exponential weight

D
1Flloa = 1£1ls == / 71| £ (p)dp| = / Ut dE (5.70)

and the space

Ly(®p) = {f : Iflls < oo}

(if D < oo, LL(®p) = L}

1e(®D)). We mention the following elementary
property:

Remark 5.71 The Laplace transform L is a continuous operator from L}(®p)
to the space of analytic functions in the half plane R(x) > b with the uniform
norm.

O

Let £ € C be a bounded domain, diam (K) = D < co. On the space of
continuous functions on K we take the uniform norm with exponential weight:

1l := D sup{| f(p)[e~""'} (5.72)
peK

(which is equivalent to the usual uniform norm).

Let O C D, O 3 0 be a star-shaped, open set, diam(Q) = D containing a
ray segment ®. Let A be the space of analytic functions f in O such that
£(0) = 0, endowed with the norm (5.72).

Proposition 5.73 The spaces L;(@D) and A are Banach algebras with re-
spect to the usual addition of functions and the convolution (5.48). Further-
more

1f * glls < I fllellglls (f.9 € Ly(®p))
1 *gllu < I fllullglle (f;9 € A)

1f * gl < IFllullglle (f € C(®p),9 € Ly(®p)
(5.74)

(D = oo is allowed in the first inequality).
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With F(s) := f(se'?) and G(s) := g(se'?) we have:

/oDdte“ / dsF(s)G(t = 5)| < / e / atroe=0l -

/ /D ) | P(0)][Gi)dud <

/ / V)| B (v)]|G(w)|dudv = || fls]l9]ls

(5.75)
On the other hand, for f,g € A we have f x g € A. Also,

/0 " ()g(p - s)ds| <

Ip| , 4
Dsup/ ‘f(te”rgp)e_btg(p - te”rgp)e_b(‘p‘_t) dt (5.76)
pe0 Jo

IIf * gl = D sup e blel
peO©

which is less than both [ f]lu[lgllu and [ f[lullg]le-

Remark 5.77 For f in A or f in L} (®p),

| fllup =0 as b— oo (5.78)

where ||||up is either of the |||l or |||lp and D = oo is allowed in the second
case.

For ||||ls, Eq. (5.78) is an immediate consequence of the dominated conver-
gence theorem whereas for ||||,, it follows from the definition of A.
O

Corollary 5.79 Let f be continuous along ®p, D < oo and g € L}(®p).
Given € > 0 there exists a large enough b and K = K (e, ®p) such that for all
k

1 % g™l < K €

By Remark 5.77 we can choose b = b(e, ®p) so large that ||g||s < €. Then,
by Proposition 5.73 and Eq. (5.72) we have:

P

pe , pe*?
/ F(pei® — 5)g™ (s)ds| < D1l £, / e~H1ol g ()] ds| <
0 0
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DYl fllullglly < K€

O
Remark 5.80 By (5.67), for any b > p, and ®p C C, D < 0o
y [~ b M
Gl < Ku [ a0 — ¢ (5:81)
0 b—p
where, to avoid cumbersome notations, we write
feLy(@p)iff [|[f[r]y € Ly(Pp) (5.82)

(and similarly for other norms of vector functions).

Proof of Proposition 5.65.

We first show existence and uniqueness in L4, (D) which amounts to noth-
ing more then existence and uniqueness along each ®p C D.

Then we show that for large enough b there exists a unique solution of (5.53)
in L} (o). Since this solution is also in L}, (P it follows that our (unique)
Lj,. solution is Laplace transformable. Analyticity is proven by finding the
solution as a fixed point of a contraction with respect to the uniform norm in

a suitable space of analytic functions.

Proposition 5.83 i) For ®p € D and large enough b, the operator

Mo =X () = (=) (Fol) = B [ Y44 (00)) 580

is a contraction in a small enough neighborhood of the origin with respect to
e if D < oo and with respect to ||||p for D < oco.

ii) For D < oo the operator N given formally in (5.50) is continuous in
L} (®p). The last sum in (5.50) converges uniformly on compact subsets of
Op. N(LL.(Pp)) C AC(®Pp), the absolutely continuous functions on ®p.
Moreover, if v, — v in |||y on ®p, D < oo, then for b/ > b large enough,
N (vy,) exist and converge in ||||pr to v.

The last statements amounts to saying that A is continuous in the topology
of the inductive limit of the L}.

Proof.
Since A and B are constant matrices,

INL(Y)[[up < Const(®) ([[Follus + 1Y lupl e + [N (Y)[up)  (5.85)

As both ||1]|, and ||Foll..s are O(b~1) for large b, the fact that A7 maps a
small ball into itself follows from the following Remark.
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Remark 5.86 Let € > 0 be small enough. Then, there is a K such that for
large b and all v such that ||v],p =: 9 <,

IV e < K (070 + 1V]ap) [¥lup (5.87)

By (5.68) and (5.81), for large b and some positive constants C1, .., Cs,

N o < Co | D2 GV, + D lgoalllIvIl,
>1 [1>2
< Co pl sh g | < (¢ - = m gm 1
S LD WL I D 3ES D EtiD
[1>1 [1]>2 m=1 m=2 [1]=m
C4 = C’4
<|— ) mam 4Hn < | — ) 1
_<b +u>g=:1u (m+4) _<b +M>C5
(5.88)
O
To show that N7 is a contraction we need the following:
Remark 5.89
]| = (£ +h)* — £ < 1 (€]l + [BI)™ " (1R (5.90)
where ||| = [l or |[lls-

This estimate will be useful to us when h is a “small perturbation”. The
proof of (5.90) is a simple induction on 1, with respect to the lexicographic
ordering. For 1| = 1, (5.90) is trivial; assume (5.90) holds for all 1 < 1; and
that 1; differs from its predecessor 1y at the position k (we can take k = 1),
i.e., (11)1 =1+ (10)1. We have:

J(F )™ = £0 ) = [ (£ + B)™ 5 (£ + ) — £ =
(£ +hy) * (fi +hy) — £ = [[f* s« hy 4+ Ty, * f1 + hy, * by <
£l b+ [ 1] + [ 1]} <
Il (11! + Lol CUEI + ]yl <
(o] + )IEN + [IB)™! - (5.91)

Remark 5.92 For small 6 and large enough b, N1 defined in a ball centered
at zero, of radius 6 in the norms ||||up s contractive.
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By (5.85) and (5.87) we know that the ball is mapped into itself for large b.
Let € > 0 be small and let £, h be such that ||f|| < § —¢, ||h|| < e. Using (5.90)
and the notations (5.53) (5.85) and ||| = ||||u,» We obtain, for some positive
constants C1, .., Cy and large b,

[N1(f +h) = Ni(£)]| < G| Z 80,1+ Z Grx | ((F+h)" =) | <

[11=>2 =1

1]
Colll | 37 3= M+ 37 1M ) < (Cob™ - Cad)li]

[1>1 =2
(5.93)

To finish the proof of Proposition 5.83 take v € A. Given ¢ > 0 we can
choose b large enough (by Remark 5.77) to make ||v|l, < e. Then the sum
in the formal definition of N is convergent in A, by (5.88). Now, if D < oo
L, (®p) = L}(®p) for any b > 0. If v, — v in L} (Pp), we choose €
small enough, then b large so that ||v||, < ¢, and finally ng large so that for
n > ng ||[vep — v|lp < € (note that |||, decreases w.r. to b) thus ||v,]|[s < 2e¢
and continuity (in L} (®p) as well as in L}, (P) = Ugea.. L (0,k)) follows
from Remark 5.92. Continuity with respect to the topology of the inductive
limit of the L} is proven in the same way. It is straightforward to show that
N(Li,e(®)) € AC(®).

U P53

The fact that L4Y is a solution of (4.222) follows from Proposition 5.83,
from Remark 5.71 and the elementary properties of £ (see also the proof of
Proposition 5.150).

Since Yo(p) is analytic for small p, (£Y()(x) has an asymptotic series for
large x, which has to agree with y¢ since LY solves (4.222). This shows that
Y, = Byo.

U ps.65

Remark 5.94 For any ¢ there is a constant Ko = K5(4, |p|) so that for all 1
we have

Y5 (p)|n < Kool (5.95)

The estimates (5.95) follow immediately from analyticity and from Corol-
lary 5.79.
O
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5.2c  Behavior of Y((p) near p = 1.

Let Yo be the unique solution in Ly.y (D) of (5.53) and let € > 0 be small.
Define

Yo(p) forpeD,lp| <1-e

0 otherwise and h(l —p) := Yo(p) — H(p)

(5.96)

() = {
In terms of h, for real z =1 — p, z < ¢, the equation (5.53) reads:

—(1 - 2)h(z) = Fy(2) — Ah(z +B/ s)ds + N'(H + h) (5.97)

where

Fi(1-s)=Fo(s) - B H(s)ds

Proposition 5.98 i) For small e, H*'(1 + z) extends to an analytic function
in the disk D, := {z : |z| < €}. Furthermore, for any § there is an € and a
constant K1 := K; (9, €) such that for z € D, the analytic continuation satisfies
the estimate

H* (1 4 2)|5 < K16 (5.99)

Proof.

The case |1] = 1 is trivial: H itself extends as the zero analytic function.
We assume by induction on [l that Proposition 5.98 is true for all 1, |1] <
and show that it then holds for (e.g.) Hy * H*! for all 1, 1] <.

H is analytic in an e-neighborhood of [0,1 — 2¢], and therefore so is H*!.
Taking first z € RT, z < ¢, we have

11—z 1—e¢
Hy(s)H" (1 — 2 — 5)ds = Hi(s)H"(1 - 2 — 5)ds =
0 0
1/2 1—e
H,(s)H (1 — 2 — s)ds + Hy(s)H"(1 — 2 — s)ds (5.100)
0 1/2

The integral on [1/2,1 — ¢ is analytic for small z, since the argument of H*!
varies in an e-neighborhood of [0,1/2]; the integral on [0,1/2) equals

1—z 1/2 1—
/ Hi(1—z—t)H*(t)dt = ( / / )Hl (1—z—t)H*(t)dt
1/2—=z 1/2—2 1/2 1

(5.101)
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In (5.101) the integral on [1/2 — z,1/2] is clearly analytic in D, the following
one is the integral of an analytic function of the parameter z with respect to
the absolutely continuous measure H*!dt whereas in the last integral, both
H*! (by induction) and H; extend analytically in D..

To prove now the the induction step for the estimate (5.99), fix § small and
let:

5
n <08 M= o [H(p)lrs Ma(e) := max [H(p)n; €< A

(5.102)
Let Ky := Ka(n;€) be large enough so that (5.95) holds with n in place
of § for real z € [0,1 — €] and also in an e neighborhood in C of the interval
[0,1/242¢]. We use (5.95) to estimate the second integral in the decomposition
(5.100) and the first two integrals on the r.h.s. of (5.101). For the last integral
in (5.101) we use the induction hypothesis. If Ky > 2K, (2M; + M), it
follows that [H*! x Hy|, is bounded by (the terms are in the order explained
above):

Ma(e)Kon' + My Kon' + My Kon' 4 (26) My K16' < K61 (5.103)

O

Proposition 5.104 The equation (5.97) can be written as

—(1—2)h(2) :F(z)—Ah(z)+B/z h(s)ds—Z/z hj(s)D;(s—2)ds (5.105)
€ j=1"¢€

where

F(z):=NMH)(1-2)+Fi(z) (5.106)

D, =Y LGB + 3 g BV Vo= (1,1, (1 — 1), ) (5.107)
121 122

(cf. also (5.52)) extend to analytic functions in D, (cf. Proposition 5.98).
Moreover, if H is a vector in L} (RT) then, for large b, D; € L{(RY) and the
functions F(z) and D; extend to analytic functions in D.

Proof.

Noting that (Yo — H)*?(1 — 2z) = 0 for € < 1/2 and z € D, the result is
easily obtained by re-expanding N (H + h) since Proposition 5.98 guarantees
the uniform convergence of the series thus obtained. The proof that D; € L}
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for large b is very similar to the proof of (5.93). The analyticity properties
follow easily from Proposition 5.98, since the series involved in N'(H) and D;
converge uniformly for |z| < e.

O

Consider again the equation (5.105). Let I'=A—(1-2)1, where 1 is the
identity matrix. By construction F and B are block- diagonal, their first block
is one—dlmensmnal I‘11 =z and 311 = 3. We write this as =20l «(z) and
51m11arly, B =p3® B, where I'. and B, are (n— 1) x (n — 1) matrices. T'c(z)
and T'71(z) are analytic in D..

Lemma 5.108 The function Yo given in Proposition 5.65 can be written in
the form

Yo(p) = (1—p)"lai(p) + az(p) (B#1)
Yo(p) = In(l—pai(p) +az(p) (B=1) (5.109)

for p in the region (D +1)ND M +1:={1+2:2€D.}) where a;, ay are
analytic functions in D, +1 and (a1); =0 for j > 1.

Proof.
Let Q(z) := [” h(s)ds. By Proposition 5.65, Q is analytic in D, N (1 — D).
From (5.105) we obtain

(zT(2)Q'(2) - (B0 B.)Q Z/ Dj(s - 2)Q)(s)ds (5.110)

or, after integration by parts in the r.h.s. of (5.110), (D;(0) = 0, cf. (5.107)),

(zaT.(2)Q(2) - (6® B.)Q +Z/ D/ (s — 2)Q;(s)ds (5.111)

With the notation (Q1,QL) = (Q1,Q2,..,Qn) we write the system in the
form

(7PQu(2)) = =777 D Qj(s)ds

Q(e)=0 (5.112)
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After integration we get:

Q1(2) = Ri(2) + J1(Q)
QiL(?»)=Ri(2) +J.(Q) (5.113)
with

J1(Q) = 2’ ) =t > [ Qj(s)Dllj(t — s)dsdt
[y
J(Q)(2) = e—é@/ CCOF (1 / D', (s — 2)Q; (s)ds | dt

R, (2) :=e @ / eé(t)fc(t)’lFl(t)dt

R = [ R (6#1)

— F1(0) — sF7(0)

Rl(z):Fl(O)—f—Fl'(O)zlnz—&—z/z Ai(s) ds (5 =1)

(5.114)

Consider the following space of functions:

Ts = {Q analytic in D, N (D —1) : Q = 2°A(2) + B(z)} for 8 # 1 and
= {Q analyticin D.N (D —1): Q= zIlnzA(z) + B(z)} (5.115)

where A, B are analytic in D.. (The decomposition of Q in (5.115) is unam-
biguous since z” and zIn z are not meromorphic in D,.)
The norm

1QI[ = sup {|A(2)[n, [B(z)[x : 2 € Dc} (5.116)

makes 7 a Banach space.
For A(z) analytic in D, the following elementary identities are useful in what
follows:

z 1
/ A(s)s"ds = Const + 2" 1 / A(zt)t"dt = Const + 2" Analytic(z)
€ 0

z 1 1
/ s"Ins A(s)ds = 2"+ lnz/ A(zt)trdt+z7“+1/ A(zt)t" Intdt
0 0 0

(5.117)
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where the second equality is obtained by differentiating with respect to r the
first equality.

Using (5.117) it is straightforward to check that the r.h.s. of (5.113) extends
to a linear inhomogeneous operator on 73 with image in 73 and that the norm
of J is O(e) for small e. For instance, one of the terms in J for § =1,

z t
Z/ t_2/ slns A(s)D'(t — s)ds =
0 0
11
22 lnz/ / o A(zro)D' (27 — z10)dodT+
o Jo

1 1
22/ dT/ doo(InT +Ino)A(zro) D' (27 — z70)
0 0
(5.118)

manifestly in 73 if A is analytic in D.. Comparing with (5.115), the extra
power of z accounts for a norm O(e) for this term.

Therefore, in (5.112) (1 — J) is invertible and the solution Q € 73 C L (D).
In view of the the uniqueness of Y (cf. Proposition 5.65), the rest of the
proof of Lemma 5.108 is immediate.

5.2d  The solutions of (5.53) on

[0,1+¢€]
Let Y be the solution given by Proposition 5.65, take € small enough and
denote by O, a neighborhood in C of width € of the interval [0,1 + €].

Remark 5.119 . Y, € L'(0,). As ¢ — +0, Yo(pe'?) — YZ(p) in the sense
of LY([0, 1+¢€]) and also in the sense of pointwise convergence for p # 1, where

+ _ | Yolp) p<l1
Yo= {(1 —px 0 (p) +as(p) p>1 P

_ J Yo(p) p<l1

+ . B
Yo { In(1 — p + 0i)a; (p) + ax(p)p > 1 (B=1) (5.120)

1

+
Moreover, Yy are L,

interval [0,1 + €].

solutions of the convolution equation (5.53) on the
The proof is immediate from Lemma 5.108 and Proposition 5.83.
O

Proposition 5.121 For any A € C the combination Yy = XY{ + (1 =AY,
is a solution of (5.53) on [0,1 + €].
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Proof. For p € [0,1)U(1,1+¢] let ya(p) := Y, —H(p). Since y3*> =0 the
equation (5.53) is actually linear in y, (compare with (5.105)).
O
*

Note: We consider the application Y := yg — Y, and require that it is
compatible with complex conjugation of functions Y(yo*) = (V(yo))* where
F*(z) := F(z). We get RA = 1/2. Tt is natural to choose A = 1/2 to make
the linear combination a true average. This choice corresponds, on [0,1 + €],
to the balanced averaging (5.43).

*

Remark 5.122 For any § > 0 there is a constant C(8) such that for large b

1(YE) 9, < C(6)6M V1 with 1] > 1 (5.123)
(Nl is taken on the interval [0,1 + €] ).

Without loss of generality, assume that I; > 1. Using the notation (5.107),

<

/OP<YO>’;“<3><Y8‘I>*” (p— s)ds

u

/ C (Y8 () (BT (o — s)ds|| + / *(Yo)i(p— 5) (Y2 (s)ds
0 0

U2 Uz

(5.124)

(I|lup refers to the interval p € [0,1/2 4+ €/2].) The first uy norm can be
estimated directly using Corollary 5.79 whereas we majorize the second one
by

IOZE Y™ (@)

and apply Corollary 5.79 to it for |1| > 2 (if |1| = 2 simply observe that (Y§*)*!
is analytic on [0,1/2 + €/2]).
O

Lemma 5.125 The set of all solutions of (5.53) in Li,.([0,1+ €]) is param-
eterized by a complex constant C and is given by

B Y5 (p) forpe[0,1)
Yo(p) = {Yga(;) +C(p—1)P"1A(p) forpe (1,1+¢

for B#£1 or, for 6 =1,

(5.126)
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Y5 (p) + C(p — DA(p) forp e (1,1 + ¢

where A extend analytically in a neighborhood of p = 1.
Different values of C correspond to different solutions.
This result remains true if Y3 is replaced by any other combination Yy :=

AY§ +(1-N)Y,, AeC.

Yo(p) = { Yi'(p) forp € [0.1) (5.126)/

Proof.
We look for solutions of (5.53) in the form

Y"(p) +h(p—1) (5.127)

By Lemma 5.108 , h(p — 1) = 0 for p < 1. Note that

N(Y3 o7 i +h)(2) = N(YE)(A+2) + i /OZ h;j(s)Dj(z —s)ds (5.128)
j=1

where the D; are given in (5.107), and by Remark 5.123 all the infinite sums
involved are uniformly convergent. For z < e (5.53) translates to (compare
with (5.105)):

“(1+ 2)h(2) = —Ah(z) — B /O h(s)ds+ Y /O hi(s)D, (= — s)ds (5.129)
Let

Q) = /0 “h(s)ds (5.130)

As we are looking for solutions h € L, we have Q € AC|0, €] and Q(0) = 0.
Following the same steps as in the proof of Lemma 5.108 we get the system
of equations:

ey =Y | "Dl (= - £)Q,(s)ds

(€OQu) = O [T - 90 (s)ds
j=170

Clz) = — /O f.(s)~1 Bu(s)ds
Q(0)=0 (5.131)
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which by integration gives

(1+.)Q(z) = CR(z) (5.132)
where C' € C and

@) == [0S [ Qe sasi
j=1

0

J(Q)1(z) = e ) /Oze@@fc(t)l D /0 D= )@ (s)ds |

R, =0
Ri(z) = 2P
(5.133)

First we note the presence of an arbitrary constant C' in (5.132) (Unlike in
Lemma 5.108 when the initial condition, given at z = € was determining the
integration constant, now the initial condition Q(0) = 0 is satisfied for all C').

For small € the norm of the operator J defined on AC|0, €] is O(e), as in the
proof of Lemma 5.108. Given C the solution of the system (5.131) is unique
and can be written as

Q=CQo; Qo:=(1+J)'"R#0 (5.134)

It remains to find the analytic structure of Qg. We now introduce the space

T={Q:[0,6)~>C":Q=2:A(z)} (5.135)

where A(z) extends to an analytic function in D.. With the norm (5.116)
(with B=0), 7 is a Banach space. As in the proof of Lemma 5.108 the
operator J extends naturally to 7 where it has a norm O(e) for small e. It
follows immediately that

QeT (5.136)

The formulas (5.126), (5.126”) follow from (5.127) and (5.130).
O

Remark 5.137 If Sz # 0 (c¢f. Lemma 5.108) then the general solution of
(5.53) is given by

Yo(p) = (1= N)Y{ (p) + Y, (p) (5.138)

with A € C.
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Indeed, if a; # 0 (cf. Lemma 5.108) we get at least two distinct solutions
of (5.132) (i.e., two distinct values of C') by taking different values of A in
(5.138). The remark follows from (5.136) (5.135) and Lemma 5.125..

O

5.2e  The solutions of (5.53) on [0,c0)

In this section we show that the leading asymptotic behavior of Y, as
p — 14 determines a unique solution of (5.53) in L;, .(RT). Furthermore, any
L}, solution of (5.53) is exponentially bounded at infinity and thus Laplace
transformable. We also study some properties of these solutions and of their
Laplace transforms.

Let H be a solution of (5.53) on an interval [0, 1 + €], which we extend to

R letting H(p) = 0 for p > 1 + €. For a large enough b, define

St = {f € L},o(10,00)) : J(p) = H(p) on [0,1+ ]} (5.139)

and

So:={f € Lhl(0.00)) : f(p) =0on [0,1 4]} (5.140)

We extend H to RT by putting H(p) = 0 for p > 1 +¢; for p > 1 + € (5.53)
reads:

—p(H+h)=Fy—AH+h)-B /p(H +h)(s)ds + N(H+h) (5.141)
0

with h € S(], or

h=-H+(A-p™ (Fo - B/OP(H—F h)(s)ds + N(H +h)> = M(h)

(5.142)
For small ¢y > 0 and 0 < p; < p2 < o0, consider the truncated sectors

S(iplm) ={z:2=peF? p1 <p<p2; 0< O < P} (5.143)

+

and the spaces of functions analytic in S(p1 o

) and continuous in its closure:

’];fm — {f 1 f € C(S(py,py)); [ analytic in S(j;lm)} (5.144)

which are Banach spaces with respect to ||||, on compact subsets of S(,, ,,)-

Proposition 5.145 i) Given H, the equation (5.142) has a unique solution
in L}, .[1+¢€,00). Forlarge b, this solution is in L} ([1+¢€, 00)) and thus Laplace

loc
transformable.
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1) Let Yo be the solution defined in Proposition 5.65. Then
YE(p) = Jim Yo (pe'®) € C(RT\{1}) N L, .(RT) (5.146)

(and the limit exists pointwise on RT\{1} and in L} (R*).)

loc
Furthermore, YOi are particular solutions of (5.53) and

Yi(p) = (1-p)° ta*(p)+ai(p) (B#1)
Y5 (p) =In(l—p)a*(p)+ai(p) (B=1) (5.147)

+ + ; +
and a; are in T .

where a

Proof

Note first that by Proposition 5.83, M (eq. (5.142)) is well defined on Sy,
(eq.(5.140)). Moreover, since H is a solution of (5.53) on [0,1 + €), we have,
for hg € Sy, M(h) =0 a.e. on [0,1+¢), i.e.,

M(Sp) C So

Remark 5.148 For large b, M is a contraction in a small neighborhood of
the origin in ||||v.p.

Indeed, sup{||(A — p) " '|crscr 1 p > 1+ €} = O(e!) so that

M)~ M) s < NGB Ny (5149)

The rest follows from (5.93) —Proposition 5.83 and Remark 5.77 applied to
H.

O

The existence of a solution of (5.142) in Sy N L} ([0, 00)) for large enough b
is now immediate.

Uniqueness in L] . is tantamount to uniqueness in L'([1 +¢, K]) = L} ([1 +
6, K], for all K —1—¢ € RT. Now, assuming M had two fixed points in
L([1 + ¢, K]), by Remark 5.77, we can choose b large enough so that these
solutions have arbitrarily small norm, in contradiction with Remark 5.148.

ii). For p < 1,Y:(p) = Yo(p). For p € (1,1 + ¢€) the result follows from
Lemma 5.108. Noting that (in view of the estimate (5.88)) M(7 11 00) C
T iH_Qoo, the rest of the proof follows from the Remark 5.148 and Lemma
5.108.

O

Proposition 5.150 There is a one parameter family of solutions of equation
(5.53) in Li, |0,00), branching off at p = 1 and in a neighborhood of p = 1
all solutions are of the form (5.126), (5.126°). The general solution of (5.53)
s Laplace transformable for large b and the Laplace transform is a solution of

the original differential equation in the half-space R(x) > b.
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Note: As of now, the correspondence (5.126), (5.126°) with the balanced
average (5.43) is proven only near p = 1; the complete correspondence is
established in Section 5.2g .

Proof.

Let Y be any solution of (5.53). By Lemma 5.125 and Proposition 5.145, b
large implies that Y € L} ([0,00)) (thus LY exists), that ||Y]||, is small and,
in particular, that the sum defining A in (5.50) is convergent in L} (RT).

By Remark 5.71,

[ Sy 4 Y gy (@) =

n>1 11>2
S LG)LY) (@) + > goa (LY) =) gi(@)y'(x) = g(z,y(2))
[1>1 I1>2 [>1

(5.151)

(and g(z,y(z)) is analytic for (z) > b). The rest is straightforward.

5.2f Correspondence with formal solutions

Finally we consider formal solutions for large argument of the differential equa-
tion, in the differential algebra generated by formal power series (in decreasing
powers of the large variable) and (decreasing) exponentials, i.e. solutions as
formal asymptotic expansions. The theory of formal solutions is classical ([29],
[26] [27]); see also [5] for a vast and very interesting generalization. We only
sketch the facts that are relevant to us.

The simplest formal solution of (4.222) is an asymptotic series yg.

In view of the invertibility of A, the coefficients {¥0,m}men C C™ can be
determined uniquely by expanding in (4.222) in powers of 1/x and equating
the coefficients of the 7™, m > 2. The series yq is generically divergent.

Since we expect an n — parameter family of solutions, we look for further
solutions as perturbations of yy. Because of the uniqueness of yy a pertur-
bation must be smaller than all powers of 2! i.e., “beyond all orders” of
Yo.

Taking ¥ = yo + ¥1 we get, to the lowest order of approximation, y| =
—Ajll. The solutions to this approximate equation are linear combinations
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of e7* ) Gspecf\. We only consider solutions y; that are (formally) small
perturbations of y¢ in the half-plane R(z) > 0; this condition selects out the
eigenvalue \ = 1.

Continuing the perturbative procedure until we reach a formal solution of
(4.222), we end up with an exponential series

Y=o+ Y ey (5.152)

where ¥y, are formal power series. Substituting (5.152) into (4.222) and using
the fact that y( is already a formal solution we get for yi, k > 1:

ge [ (k; A—lB—Fag(aij))yk}:
Zg()xm (Ze—kx~ )1:

1]>1

> D (x,y n oL R
Ze_kx Z w Z H H(ym])z

k=2 [1I>1 ’ Sm=i=1j=1
(5.153)

Equating the coefficients of e ™% k > 0 we get the system (5.31).

By assumption, A —1 has a one-dimensional null-space. Thus, by (5.31), ¥1
has the freedom of an arbitrary multiplicative constant. We make a definite
choice of y1 by requiring that the first component of the coefficient of the
leading power of x is one.

Still by assumption, for k # 1 A — k is invertible, so that, taking C' =1, all
Y&, k > 1, are uniquely determined. Letting C be arbitrary we get instead
Cyy for k =1, C%y, for k = 2 (because of the condition Y m = 2), etc, so
that the general formal solution of type (5.152) is

y=%o+ Y Che*y,
k=1
The existence of formal exponential solutions has been considered in [29],
[26], [30] and a very comprehensive theory can be found in Ecalle [4], [5], [6].
The following proposition is a classical result and is a specialization of
general theorems (see [30]).

Proposition 5.154 There is exactly a one parameter family of solutions
of (4.222) having the asymptotic behavior described by §o in the half-plane
R(z) > 0.
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Proof. Any solution with the properties stated in Proposition 5.154 is in-
verse Laplace transformable and its inverse Laplace transform has to be one
of the L}, solutions of the convolution equation (5.53). The rest of the proof
follows from Proposition 5.150.

O

Proposition 5.155 Let Y be any L} (R*) solution of (5.53). For large b

loc

and some v > 0 the coefficients dm, in (5.55) are bounded by
|din(p)[ < ePrI™

Note that £~ (g™ (z,y)/m!) is the coefficient of Z*™ in the expansion of
N(Y + Z) in convolution powers of Z (5.50):

Z go1- + Z Gix | (Y +2)" =

=2 =1 o
1\ ke (1-10)
Z 8o,1 -+ Z Gix Z <k> 7Y -
n>2 n>1 0<k<I gom
1
dosoaty G| Y < )Gl £ Y1) (5.156)
n>2 n>1 >m \™M

(m is fixed) where 1 > m means I; > m;,i = 1..n and (11() =11, (li)
Let € be small and b large so that ||[Y||y < e. Then, for some constant K,

estimate (cf. (5.67))

1
- G G Y*(—m)
| (; go,1 -+ XI: 1*) <m) 1%

< ;Ke”‘p‘(ue)“’m‘ (r}ﬂ) _

A

n

L wlpl , lm]

eIml e T S (n;_)(m)zi :K% < erlelyml (5.157)
i=110;>m,; v

(where I(IT) = {|]1] > 1(2);1 > m}) for large enough v.
O
For k = 1, Ry = 0 and equation (5.55) is (5.129) (with p < z) but now
on the whole line RT. For small z the solution is given by (5.134) (note that
D; = d(1,.,0) and so on) and depends on the free constant C (5.134). We
choose a value for C' (the values of Y; on [0, €] are then determined) and we
write the equation of Y; for p > e:
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(A —1-p)Yi(p) +B/pY1(s)ds -

/p(Yl)j(S)Dj (p—s)ds =

Jj=1

n

R(p) := /0€ Yi(s)ds + Z /OE(Yl)j(s)Dj (p—s)ds (5.158)

(R only depends on the values of Y1 (p) on [0,€]). We write

(14+J)Y, =Q7'R (5.159)

with Q1 =1 — A + p. The operator J; is defined by (J1Y1)(p) :=0 for p < ¢,
while, for p > ¢,

U0 =@t (B [ s =Y [ (V0,900 - s)ds

By Proposition 5.104, (5.74) and Remark 5.77, noting that sup, .. [|Q;"| =
O(e71), b we find that (1 + J;) is invertible as an operator in Llf since:

llpr < sup Q7] <||B|||1||b +n max ||Dj||b) L 0ash oo
p>e <j<n

(5.160)
Given C, Y is therefore uniquely determined from (5.159) as an L (R™)
function.
The analytic structure of Y for small z is contained in in (5.126), (5.126’).
As a result,

L(Y1)(z) ~C> %ak (5.161)
k=0

where Y77 a;2" is the series of a(z) near z = 0.
Correspondingly, we write (5.55) as

(14 Jx)Ye = Q; 'R (5.162)
with Qi := (—A +p + k) and

) =@ | B [ wesis =3 [Tnyeps- s | e

1kllegy < sup Q] (|B||||1||b 0 max Djb) (5.164)
p>0 SJsn
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Since sup,,> ||Q,;1|| — 0 as k — oo we have
sup{HJkHLl,_,Ll} —0asb— o0 (5.165)
k>1 b b
Thus,

Proposition 5.166 For large b, (1+ Ji), k > 1 are simultaneously invertible
in L}, (cf. 5.165). For specified Yo and C, Yy, k > 1 are uniquely determined
and moreover, for k > 2,

sUP, >0 | |

SUPg>1 HJkHL;HLg

IYklly < 17— [Rxllo := K||Rk|ls (5.167)

O

(Note: As we will see later, there only is a one-parameter freedom in Yy:
a change in Y can be compensated by a corresponding change in C.)

Because of condition Y m = k in the definition of Ry, we get, by an easy
induction, the homogeneity relation with respect to the free constant C,

Y = ckyle=l = oty (5.168)
Proposition 5.169 For any 6 > 0 there is a large enough b, so that

Ykllo < 6% k=0,1,.. (5.170)
Each Yy, is Laplace transformable and y, = L(Y ) solve (5.31).

Proof

We first show inductively that the Y are bounded. Choose 7 small enough
and b large so that || Yol||s < 7. Note that in the expression of Ry, only Y;
with ¢ < k appear. We show by induction that || Y|, < r for all k. Using
(5.167), (5.55) the explanation to (5.31) and Proposition 5.155 we get

I¥illo < KNRelly < D et 3 1< (Z (zlf)ul) < (r(1p)")* <

|1]>1 Sm=k I>1

(5.171)
if 7 is small which completes this induction step. But now if we look again at
(5.171) we see that in fact | Yz|[p < (r(1+ p)™)*. Choosing r small enough,
(and to that end, b large enough) the first part of Proposition 5.169 follows.
Laplace transformability as well as the fact that y; solve (5.31) follow imme-
diately from (5.170) (observe again that, given k, there are only finitely many

terms in the sum in Ry).
O

Therefore,
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Remark 5.172 The series
> CHM(Yy-H)om (5.173)

is convergent in L}, for large b and thus the sum is Laplace transformable. By
Remark 5.71 and Proposition 5.170

<Zc’f Y H) 07k> (z) = e L(Yy)(z) (5.174)
k=0

k=0

is uniformly convergent for large x (together with its derivatives with respect
to x). Thus (by its formal construction) (5.174) is a solution of (4.222).

O

(Alternatively, we could have checked in a straightforward way that the
series (5.173), truncated to order N is a solution of the convolution equation
(5.53) on the interval p € [0, N) and in view of the L} (RT) (or even L}, ) con-
vergence it has to be one of the general solutions of the convolution equation
and therefore provide a solution to (4.222).)

Proof of Proposition 5.38, i)

We now show (5.40). This is done from the system (5.55) by induction on k.
For £ = 0 and k& = 1 the result follows from Proposition 5.65 and Proposition
5.119. For the induction step we consider the operator Ji (5.163) on the space

T, ={Q:[0,6) = C: Q(z) = 2" 1AL(2)} (5.175)

where Aj extends as an analytic function in a neighborhood D, of z = 0.
Endowed with the norm

1Ql 7, == sup [ Ak (2)]A
7. is a Banach space.
Remark 5.176 For k € N the operators Jy, in (5.163) extend continuously

to Ty and their norm is O(e). The functions Ry, k € N (cf. (5.162), (5.55)),
belong to Ty,. Thus for k € N, Yy, € Tp.

If A, B are analytic then for z < €

/Z ds s"P71A(s)B(z — s) = 2P /1 dtt" A(zt)B(z(1 —t)) (5.177)

0 0

is in 7y with norm O(e) and the assertion about Jj follows easily. Therefore
Y € 7k if R € 7. We prove both these properties by induction and (by
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the homogeneity of Ry, and the fact that Ry depends only on Y,,,m < k)this
amounts to checking that if Y, € 7, and Y,, € 7,, then

Ym * Yn S 7;n+n
This follows from the identity

/Z dss"A(s)(z — 8)1B(z — 5) = 2" T1t! /1 dtt" (1 —t)7A(zt)B(z — zt)
0 0

O

It is now easy to see that LyByr ~ yi (cf. Theorem 5.45). Indeed, note
that in view of Remark 5.176 and Proposition 5.169, £(Y}) have asymptotic
power series that can be differentiated for large = in the positive half plane.
Since L£(Y}) are true solutions of the system (5.31) their asymptotic series
are formal solutions of (5.31) and by the uniqueness of the formal solution of
(5.31) once C' is given, the property follows.

In the next subsection, we prove that the general solution of the system
(5.31) can be obtained by means of Borel transform of formal series and
analytic continuation.

We define Y1 to be the function defined in Proposition 5.145, extended
in DN C* by the unique solution of (5.53) Y provided by Proposition 5.65.
(We define Y~ correspondingly.)

By Proposition 5.145, ii) Y are solutions of (5.53) on [0,00) (cf. (5.144)).
By Lemma 5.125 any solution on [0,00) can be obtained from, say, Y by
choosing C and then solving uniquely (5.142) on [1+4¢€, 00) (Proposition 5.145).
We now show that the solutions of (5.159), (5.162) are continuous boundary
values of functions analytic in a region bounded by R*.

Remark 5.178 The function D(s) defined in (5.107) by substituting H =
Y, s in Too, (cf (5.144)).

By Proposition 5.145, i) it is easy to check that if H is any function in
’ZBJ’FA then YT x Q € ’]BJ’FA. Thus, with H = Y™, 1l the terms in the infinite
sum in (5.107) are in %J’FA. For fixed A > 0, taking b large enough, the norm
pp of YT in L} can be made arbitrarily small uniformly in all rays in SS: A
(5.144) (Proposition 5.145). Then by Corollary 5.79 and Proposition 5.145
11), the uniform norm of each term in the series (5.107) can be estimated by
~UyI and thus the series converges uniformly in 7t o, for large b.

O

Const p,‘)l

Lemma 5.179 i) The system (5.55) with Yo = YT (or Y~ ) and given C
(say C = 1) has a unique solution in L}, (RY), namely Y, (Y, . resp.),

k € N. Furthermore, for large b and all k, Y;7 € Tot, (Y € Ty.) (cf.
(5:144))-
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ii) The general solution of the equation (5.53) in L}, .(RT) can be written
in either of the forms:

YT+ CHY ) H) o
k=1

YT+ > CHY, - H)om, (5.180)
k=1

Proof.

i) The first part follows from the same arguments as Proposition 5.166. For
the last statement it is easy to see (cf. (5.177)) that Jk%‘fm C TO""’OO and
by Proposition 5.74 the inequalities (5.164), (5.165) hold for |||z, ,~75., (A
arbitrary) replacing ||| 23,2

i1) We already know that YT solves (5.55) for & = 0. For k > 0 by i)

ckY,, € 70,00 and so, by continuity, the boundary values of Y,j on R solve
the system (5.55) on RT in Lj .. The rest of ) follows from Lemma 5.125,

loc®

Proposition 5.145 and the arbitrariness of C' in (5.180) (cf. also (5.134).
O

La

5.2g  Analytic structure and averaging

Having the general structure of the solutions of (5.53) given in Proposition
5.56 and in Lemma 5.179 we can obtain various analytic identities. The
function Ygt := Y¥ has been defined in the previous section.

Proposition 5.181 Form > 0,

o0

k
Y, :Y,J,Q+Z (mﬂ: )S’g(Y;+k.H)OTk (5.182)
k=1

Proof.
Y, (p) is a particular solution of (5.53). It follows from Lemma 5.179 that
the following identity holds on R*:

Yo =Y+ SEY H)om (5.183)
k=1
since, by (5.59) and (5.39), (5.183) holds for p € (0, 2).
By Lemma 5.179 for any C there is a C_ such that

Yi 4+ ) CHYy M) om = Yo + > CH(Y, - H) o (5.184)
k=1 k=1
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To find the relation Cy and C_ we take p € (1,2); we get, comparing with
(5.183):

Y i(p)+CiYi(p—1) =Y, (p) +C_Yi(p—1)=Cy =C_ + S5 (5.185)

whence, for any C € C,

Yo+ Y (C+Sp) (Y] Hyom =Yy + > CHY, H)om  (5.186)
k=1 k=1

Differentiating m times w.r. to C' and taking C' = 0 we get
oo k! b ot el
Z msﬁ (Yi -H)om=ml(Y,,-H)oTm

k=m

from which we obtain (5.182) by rearranging the terms and applying 7_,.

O
Proposition 5.187 The functions Yi, k > 0, are analytic in Rq.
Proof.
Starting with (5.183), if we take p € (1,2) and obtain:
Yo (p) =Yg (p)+SsYi(p—1) (5.188)

By Proposition 5.145 and Lemma 5.179 the L.h.s of (5.188) is analytic in a
lower half plane neighborhood of (e,1 —¢), (Ve € (0,1)) and continuous in
the closure of such a neighborhood. The r.h.s. is analytic in an upper half
plane neighborhood of (e,1 —¢), (Ve € (0,1)) and continuous in the closure
of such a neighborhood. Thus, Y (p) can be analytically continued along a
path crossing the interval (1,2) from below, i.e., Y, * exists and is analytic.

Now, in (5.183), let p € (2, 3):

S5Y2(p—2)=Yo(p)” ~Y(»)* = SpYi(p - 1) =
Yo(p)™ = Yo(p)" = Yo(p) ™" + Yo(p)* = Yo(p)” — Yolp)~" (5.189)
and, in general, taking p € (k,k 4+ 1) we get

SEYi(p—k) = Yo(p)” — Yo(p)~ ¥ (5.190)

Using (5.190) inductively, the same arguments that we used for p € (0, 1) show

that Y k(p) can be continued analytically in the upper half plane. Thus, we
have
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Remark 5.191 The function Yy is analytic in R1. In fact, forp € (3,5+1),
keN,

Yo () = Y (p +ZSﬁY+ (p— k)H(p — k) (5.192)
k=1
The relation (5.192) follows from (5.190) and (5.183).
URs 101

Note: Unlike (5.183), in (5.192) the sum contains a finite number of terms.
For instance we have:

Y, (p) =Y () +Hp-1)Y (p—1). (VpeR?) (5.193)

The analyticity of Y,,, m > 1 is shown inductively on m, using (5.182) and
following exactly the same course of proof as for k£ = 0.
O

Remark 5.194 If Sg3 =0 then Y}, are analytic in W; UN.

Indeed, this follows from (5.183) (5.182) and Lemma 5.179, )
O
On the other hand, if Sg # 0, then all Y are analytic continuations of
the Borel transform of yo (cf. (5.189)). This is an instance of the so-called
resurgence .

Moreover, we can now calculate Y5¢. By definition, (see the discussion before
Remark 5.122) on the interval (0, 2),

1 1
Y =(YS+Y,)=Y] + §SB(Y1 H)om (5.195)

2

Now we are looking for a solution of (5.53) which satisfies the condition
(5.195). By comparing with Lemma 5.179, which gives the general form of
the solutions of (5.53), we get, now on the whole positive axis,

Yi =Y+ Z —SE(Y}H) o7y (on RY) (5.196)
k=1

which we can rewrite using (5.190):

o0 1 B
Yl =Y+ Z = (YO—’“ —v," 1*) (H o 7) (5.197)

Proposition 5.198 Let y1(p),y2(p) be analytic in Ry, and such that for any
path v =t — texp(ip(t)) in Rq,

y12(Y(O)] < f5(1) € Lipe(RY) (5.199)
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Assume further that for some large enough b, M and any path v in Rq:

[lal(s)eHas] < ar (5.200)
Yy

Then the analytic continuation AC.(y1 * y2) along a path v in Ri, of their
convolution product yy * yo (defined for small p by (5.48)) exists, is locally
integrable and satisfies (5.199) and, for the same b and some ~y-independent
M >0,

/ ly1 * y2|(s)e Pl |ds| < M’ (5.201)
.

Proof.
Since

21 % y2 = (Y1 +y2) * (Y1 + Y2) — Y1 * Y1 — Y2 * Y2 (5.202)

it is enough to take y; = yo = y. For p € RT\N we write:

y7 = y+—|—Z(Hy;:) O Tk (5203)
k=1

The functions y; are defined inductively (the superscripts “+,(-)” mean, as
before, the analytic continuations in R going below(above) the real axis). In
the same way (5.190) was obtained we get by induction:

ye = (y~ — y7k71+) oT_pk (5.204)

where the equality holds on RT\N and +, — mean the upper and lower contin-
uations. For any p only finitely many terms in the sum in (5.203) are nonzero.
The sum is also convergent in |||, (by dominated convergence; note that, by
assumption, the functions y~ =% belong to the same L}).

If t — ~(t) in Ry, is a straight line, other than RT, then:

AC,((y*y)) = AC,(y) *y AC,(y) if arg(y(t))=const# 0 (5.205)

(Since y is analytic along such a line). The notation *, means (5.48) with
p=(1).

Note though that, suggestive as it might be, (5.205) is incorrect if the
condition stated there is not satisfied and v is a path that crosses the real
line (see the Appendix, Section Ab )!

We get from (5.205), (5.203) (see also (8.119), in the Appendix):
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o) k
(y*y)=y*y=y+*y++Z<HZyiL*y;§m> o7 =
k=1

m=0
o] k
()™ +> <H > (Ym * yk_m)+> orr  (5.206)
k=1 m=0

and now the analyticity of y xy in R follows: on the interval p € (m,m + 1)
we have from (5.204)

) i k
)~ @ = () ® =G G+ Gmry—m) (k) (5.207)

k=1m=0

Again, formula (5.207) is useful for analytically continuing (y * y) - along
a path as the one depicted in Fig.1. By dominated convergence, (y * y)*
’T(ﬁoo), (5.144). By (5.204), y, are analytic in R} = Ry N {p : S(p) > 0}
and thus by (5.205) the r.h.s. of (5.207) can be continued analytically in R .
The same is then true for (y * y)~. The function (y * y) can be extended
analytically along paths that cross the real line from below. Likewise, (y*y)™*
can be continued analytically in the lower half plane so that (y*y) is analytic
in Rl-

Combining (5.207), (5.205) and (5.202) we get a similar formula for the an-
alytic continuation of the convolution product of two functions, f, g satisfying
the assumptions of Proposition 5.198

. i k
(fxg) T =fragt+) (H S *g,jm> 0Tk (5.208)

k=1 m=0

Note that (5.208) corresponds to (5.203) and in those notations we have:

Integrability as well as (5.201) follow from (5.204), (5.207) and Remark 5.73.

Ops.198
By (5.43) and (5.204),

so that (see (8.119))
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b " 0 1 + *2
ya* (y —|—Z2—k Hork OTk)> =
k=1
ytxy +Z Homz Y 0 Tim) * (Ui © Them) © Tk =

Yy *y+ + Z —H oy Z Y * Yh— m) 0T = (y*Z)ba (5'210)
k=1

To finish the proof of Theorem 5.45 note that on any finite interval the sum
in (5.43) has only a finite number of terms and by (5.210) balanced averaging
commutes with any finite sum of the type

D Chikafry e * fi (5.211)
Lkn

and then, by continuity, with any sum of the form (5.211), with a finite or
infinite number of terms, provided it converges in L}, .. Averaging thus com-
mutes with all the operations involved in the equations (5.162). By uniqueness
therefore, if Yo = Y?® then Y, = YZ“ for all k. Preservation of reality is
immediate since (5.53), (5.55) are real if (4.222) is real, therefore Y4 is real-
valued on RT\N (since it is real-valued on [0,1)U(1, 2)) and so are, inductively,
all Yk.

A Appendix
Aa Example of non-typical behavior
Consider the equation

1 1 1
R T
f=-f 2a:f+a: 212

The general solution of this equation is given by

_ l -1/2 —x __ > C _
f= s Cz—'%e _/0 (p—i— 7WH(1 p)) dp (5.213)

We see that the asymptotic series of f for © — oo, R(z) > 0, yo = 1/z. The
inverse Laplace transform of f is

(5.212)

L' f=p+ \/]%H(l —p) (5.214)
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i) The Stokes constant is zero and Yo = B(¥¢) = p is entire.

ii) All combinations AY§ + (1 — A\)Y, coincide. Therefore (5.60) does not
hold.

Equation (5.212) is exceptional, in the sense that the properties 7), #4) above
do not withstand a small perturbation. Indeed, for the equation
1+e€ 1

5 (5.215)

oy L
fl=—f=gof+

we have B(¥o) = 2¢ + p + €(1 — p)~/? and the inverse Laplace transform of
the general solution is

L) = 2e+p+e(l—p)~ 2 forp<1
T\ 24p+Clp—1)"2forp>1

Ab  AC(f xg) versus AC(f) = AC(g)

Typically, the analytic continuation along curve in W; which is not homo-
topic to a straight line will not commute with convolution. For example, in
equation (5.215), B(yo)~ " * B(y0) ™t # [B(y0) * B(yo)] ", as it can be seen
from Remark 5.216 below (or by direct calculation). This situation is generic:

Remark 5.216 Let y be a function satisfying the conditions stated in Propo-
sition 5.198 and assume that p = 1 is a branch point of y. Then,

(y*y) " #y Ty " (5.217)

Proof
Indeed, by (5.208) and (5.204)

(yry) T =yTxyt +2[(yT xy Hom #y T xy T =
[+ (Hy ) o] =yT syt +2[(y" «y Y H] o + [H(yi * )] o7

(5.218)

since in view of (5.204), in our assumptions, y; #Z 0 and thus y; * y; Z 0.
O

There is also the following intuitive reasoning leading to the same conclu-
sion. For a generic system of the form (4.222)-(5.29), p = 1 is a branch point
of Yo and so Y, # Y, *. On the other hand, if AC_ | commuted with con-
volution, then £(Y, ) would provide a solution of (4.222). By Lemma 5.179,
L(Y{) is a different solution (since Yy # Y, 7). As Y, and Y, T coincide
up to p = 2 we have £(Y; ) — L(Yy) = O(e~2zPover) for x — +oo. By
Theorem 5.45 however, no two solutions of (4.222)—(5.29) can differ by less
than e~%zP°¢" without actually being equal (also, heuristically, this can be
checked using formal perturbation theory), contradiction.
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Ac Derivation of the equations for the transseries.

Consider first the scalar equation

v = folz) = Ay — 2 "By +g(x,y) = —y+ 2 'By+ Y _gr(z)y* (5.219)
k=1

For x — 400 we take
y= ywe (5.220)
k=0

where y;. will be either formal series x ¢ ZZO:O apnr~ ", with ago # 0 or
actual functions with the condition that (5.220) converges uniformly. As a
transseries, (5.220) can be also understood as a well ordered double sequence
tin = 2PFre ™" with pgpi1 < Prn. (The order relation is zPe™** > aP ek
asr — +oo iff k < k' or k =k’ and p > p’; thus a strictly increasing sequence
of terms of a transseries necessarily terminates.) Power series are a special
case of transseries, with y; = yo = ... = 0. Two transseries Z?;O yrpe ke
coincide iff all corresponding component power series yj, coincide. Transseries
of this type are closed under addition, multiplication and infinite sums of the
form involved in (5.219) (this last aspect will become clear in the calculation
leading to (5.222) below). Note that well-ordering plays an important part in
defining multiplication of transseries; in contrast, for the unrestricted formal
expansion S = > . z*, no immediate meaning can be given to S2. Let yq
be the first term in (5.220) and § = y — yo. We have

Jj=2 J i1,..,4;=1s=1
0o kL . (m;jg) j
=S e (G X e G2
m=1 Jj=2 J (h) s=1
where ZET)J ) means the sum over all positive integers i, i, . .. ,i; with the

restriction ¢y + iz +--- +i; = m. Let d; = Zk21 kgky‘f*l. Introducing y =
Yo+6 in (5.219) and equating the coefficients of e~!* we get, by separating the
terms containing y; for [ > 1 and interchanging the j, k orders of summation,
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where for the middle equality we note that the infinite sum terminates because
is > 1land Y )_, is = 1. The fact mentioned before that Y, ; gr(z)yx is well
defined when y; are formal series is now visible: collecting the coefficient of
xPe™ " only finite sums of coefficients appear.

For a vectorial equation like (4.222) we first write

y =fo(x) = Ay +27'By + ) _ gu(2)y* (5.223)
k>0

with y¥ := H?ll(y) The formal operations and ordering extend naturally
to the vectorial general transseries (4.223), under the restriction R(k-Ax) > 0
As with (5.222), we introduce the transseries (4.223) in (5.223) and equate
the coefficients of exp(—k - Az). Let vi = 2 %™y, and

dj(z) =) (D gi(x)vg (5.224)

1>j
Noting that, by assumption, k- XA = k’ - A & k = k’ we obtain, for k € N™1|
k>0

Vit (A=k-AT 427 B) vic+ Y dj()(vi)?

lil=1
n Jjm
= diz) > [ I Viww),, = tu(v) (5.225)
i<k (imp:k) m=1p=1
lil>2
where (]1) = H?Zl (;’), (V);, means the component m of v, and Z(imp:k)

stands for the sum over all vectors i,,, € N”, with p < j,,, m < n, such that
imp = 0and > _, ;’"1 imp = k. We use the convention [, = 1,3, = 0.
With m; =1 — |8;] we obtain for yx

ut (A k- A+ (B+k- m)) vict Y @)y = tily) (5.226)
lil=1

There are clearly finitely many terms in tx(y). To find a (not too unreal-

istic) upper bound for this number of terms, we compare with > (imp)’ which

stands for the same as Z(imp) except with i > 0 instead of i > 0. Noting that

(k;rfil) = Ea1+...+a5:k 1 is the number of ways k can be written as a sum of

s integers, we have

ni . . n
i+ 13 =1 K| +[3] =1\
Zl<Zl_HZI—H< <
i1 > i1
(177110) (l'mp = 1(1mp)l =1 |J| |J|
(5.227)
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Remark 5.228 FEquation (5.225) can be written in the form (5.9)

Proof. The fact that only predecessors of k are involved in t(yg, ) and
the homogeneity property of t(yo,-) follow immediately by combining the
conditions ) imp = k and i, > 0. O

The formal inverse Laplace transform of (5.226) is then

(—p+[\—k->\)Yk+(B+k~m)PYk+ > Dy (Vi) = Tw(Y)

lil=1

(5.229)
with
*nl *jfn
TY) = T (Yo Yihoaos) = Y D+ X T T (),
J<k; [jI>1 (imp;k) m=1 p=1
(5.230)
and

1 *(1—m 1 *(1—m
Djz<m>G1*Y0(l DY <m)g071Y0(1 ) (5.231)

1>m 1>m;|1|>2



Chapter 6

Difference equations; formal
solutions and summability

d Setting

Let us now look at difference systems of equations which can be brought to
the form

x(n+1)=A (I + i/l) x(n) 4+ g(n,x(n)) (6.1)

where A and A are constant coefficient matrices, g is convergently given for
small x by

g(n,x) = > ei(n)x" (6.2)

keN™

with gy (n) analytic in n at infinity and

gk(n) = O(n~?) as n — oo, if ij <1 (6.3)
j=1
under nonresonance conditions: Let g = (p1,..., 1) and a = (al,...,a@)

where e ¢ are the eigenvalues of A and the ay are the eigenvalues of A.
Then the nonresonance condition is

(k-p=0 mod 2mi with k€ Z™) <k = 0. (6.4)

The theory of these equations is remarkably similar to that of differential
equations. We consider the solutions of (6.1) which are small as n becomes
large.

d .1 Transseries for difference equations

Braaksma [9] showed that the recurrences (6.1) posess I-parameter transseries
solutions of the form

x(t) = Y Cre Mriag (1) (6.5)
keNm

(6.5) with ¢ = n where Xy (n) are formal power series in powers of n~! and
[ < 'm is chosen such that, after reordering the indices, we have R(p;) > 0 for
1<j<l

199
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It is shown in [9] that these transseries are generalized Borel summable in
any direction and Borel summable in all except m of them and that

x(n) = Z Ckekrnpkay, (n) (6.6)
keN!

is a solution of (6.1), if n > yo, ¢y large enough.

There is a freedom of composition with periodic functions. For example,
the general solution of z,+1 = z, is an arbitrary 1-periodic function. This
freedom permeates both the formal and analytic theory. It can be ruled out
by disallowing purely oscillatory terms in the transseries.



Chapter 7

The principle of transasymptotic
matching

A Expansion regeneration

Much as in the case of analytic continuation, when transseries break down
on the boundary can be matched in many cases with expansions valid in other
regions. Often when an expansion approaches the edge of validity, the blow-up
structure suggests a new expansion which is valid beyond the breakdown of
the original one. Usually there is then a common region of validity, allowing
for matching the two. We revisit example 3.155 , but now at a purely formal
level to observe this interesting phenomenon. We assumed that U € C'°° and
U has finitely many zeros. Suppose U(0) = 0 and U’(0) = a > 0. If we look
at the expansion (3.164) in a neighborhood of z = 0 and approximate U by
its Taylor series at zero U(x) = ax + bz? + ...

h2:m<1+bx)+_1(l+bx+...> 52 (1_bx+...>

€ 2a 4x a B 32V ax® 10a

(7.1)

and in general we would get

Wz 5 . €
hnf?(y0+§y1+§y2+'“), €7x3/2 (7.2)
where
2/3 4/3
9 € €

Y = G0 0510 + 42 o0 = ajo + g A g+ (7.3)

We note that now the expansion has two small parameters, ¢ and x; these
cannot be chosen small independently: the condition if £ <« 1 has to be
satisfied to make asymptotic sense of (7.2). This would carry us down to
values of z such that, say, £ < 1/In|e|. In such

201
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B Introduction

We take first the relatively simple Abel’s equation (4.226). Eq. (4.226) is
known to be non-integrable from Kruskal’s poly-Painlevé analysis [37]. Its
normal form is (4.233). We write the decaying formal asymptotic series solu-
tion as

%) a )
y o~ Y= do(e) (7.4)
=2

where a;o can be determined algorithmically. and their value is immaterial
for now. If yg is a particular solution to (4.232) with asymptotic series g then,
yo and yo + § will have the same asymptotic series if § = o(xz™™) for any n,
i.e, if § is a term beyond all orders for the asymptotic series gy. Furthermore,
0 satisfies

1
§ = 6+ =0 .
+ = (7.5)

which has the solution § ~ Cz'/5e~*, where C is an arbitrary constant. The
full trannseries solution is obtained as usual by substiting

Yy = yo+ Z CF gk/oe=ke (7.6)
k=1

in (4.232) and equating coefficients of e %% to determine a set of differential
equations for yi, in which we look for solutions which are not exponentially
growing in the right half plane; the only such solutions are of the form

pe(@) ~ L = gu(a) (7.7)
j=0

Arbitrariness only appears in the choice of ag1; all other coefficients are de-
termined recursively. Since C' an arbitrary constant multiplying 71, there is
no loss of generality in setting ap1 = 1. We write (7.6) in the form The
transseries of y is defined to be the formal expansion

Go@) + 3¢ Gula) (7.8)
k=1

with &€ = z'/%¢~*. We know from Theorem 5.11 that the transseries is Borel
summable and

y=yo@) + D & w(2) , where & = Ca'/Pe™® (79
k=1
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where
y(x) = LY, = /e*mYk(p)dp = LB (7.10)
c
and
Yi(p) = Blyi] (7.11)

By the definition of Borel summation , the contour in the Laplace trans-
forms in (7.10) are taken such that —pz is real and positive. Thus, analytic
continuation in « in the upper half plane entails simultaneous analytic con-
tinuation in p in the lower half plane. We note, again using Theorem 5.11
that Y} are analytic C \ RT. Then, y; are analytic in x (and bounded by
some c*) in a sector with angles (—m/2, 57/2). Convergence of the series (7.8)
depends in an essential way on the size of effective variable & = C z'/% =2,
The solution y(x) is analytic in a sector in the RHP of any angle < 7. But
& becomes large in the left half plane. The series is not expected to converge
there.

The key to understanding the behavior of y(z) for x beyond its analyticity
region is to look carefully at the borderline region, where (7.9) converges,
barely and see what expansion is adequate there and beyond. Convergence
is marginal along curves such that ¢ is small enough, but as || — oo, is
nevertheless larger than all negative powers of x. In this case, any term in
the transseries of the form ¢¥ag, is larger than any other term of the form
€ ajyx7,if k,l > 0and j > 0. Then though the transseries is still valid,
and its summation converges, thye terms are disordered: smaller terms are
followed by both smaller and larger terms.

The natural thing to do is to properly reorder the terms. This will give the
expansion in a form that is suited for this marginal region, and as it turns
out, beyond it as well.

In the aforementioned domain, the largest terms are those containing no
inverse power of x, namely

y(x) ~ Y EFag = Fo(§) (7.12)

k>0

Next in line, insofar as orders of magnitudes are concerned, are the terms
containing only the first power of 2~ and any power of &, followed by the
group of terms containing 2 and any power of £ and so on. The result is

y@) ~ Y a0y Fajp =) F;(f) (7.13)
7=0 k=0

J=0

This is a new type of expansion.

It is intuitively clear that the region of validity of (7.13), while overlapping
as expected with the transseries region, goes beyond it. This is because unless
& approaches some singular value of F}, Fj is much smaller than z. By the
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same token, we can read, with high accuracy, the location of the singularities
of y from this expansion. All this will be shown rigorously in §C.

This is a simple but relevant example of transasymptotic matching. The
new expansion (7.13) might break down further on, in which case we do ex-
actly the same, namely push the expansion close to its boundary of validity,
rearrange the terms there and obtaining a new expansion. This works until
true singularities of y are reached.

It has a two-scale structure, with scales £ and x, with the £-series of each
F; analytic in § for small {. This may seem paradoxical, as it suggests that
we have started with a series with zero radius of convergence and ended up,
by mere rearrangement, with a convergent one. This is not the case. The
new series still diverges factorially, because the F}y as a function of k grow
factorially.

Above we have obtained (7.13) by rearranging the series by hand. This
procedure which is quite cumbersome and fortunately there is a better way
to obtain it.

Namely, now that we know how the expansion should look like, we can plug
in (7.13) in the original differntial equation and identify the terms order by
order in 1/z, thinking of £ as an independent variable. In view of the simple
changes of coordinates involved, we can make this substitution in (4.231),
which is simpler.

We obtain

UFy = (3Fy)° — 1; Fj(0)=1; Fy(0)=1/3 (7.14)

while for £ > 1 we have

—EF + 9F3F, = (k -1- 5) Fli+ Y,  FyF,F (7.15)
g d1+iatigtiz=k
Ji
The condition F}(0) = 1 comes from the fact that the coefficient of & =
Ce~*z/5 in the transseries is one, while Fp(0) = h(co). Of course, the
equation for Fjy can be solved in closed form. First we treat it abstractly. If
we take Fy = 1/3 + x@G, then it can be written in integral form as

§
G=1+3¢ / (G2(s) + G¥(s))ds (7.16)
0

which is contractive in the ball of radius say 2 in the sup norm of functions
analytic in £ for |£| < €, for small enough e. Thus Fy is analytic in ¢ small,
that is, the series (7.12) converges.

We see that the equations for Fj, are linear.

Exercise 7.17 Show that for k =1 we have a one parameter family of solu-
tions which are analytic at & = 0, of the form —1/15+ c¢£ + ---. There is a
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choice of ¢y so that the equation for Fy has a one-parameter family of solu-
tions analytic at & = 0, parametrized by co, and by induction there is a choice
of ¢ so that the equation for Fj41 has a one-parameter family of solutions
parametrized by cxy1 and so on.

Remark 7.18 With this choice of constants, clearly, F; is singular only if
Fy is singular.

Remark 7.19 Of course, the fact that F; are analytic at zero and thus have
convergent power series in & does not mean that (7.13) is a convergent (dou-
ble) series. Rearrangements of factorially divergent series are still factorially
divergent. The growth of F}, as a function of k is still factorial.

Exercise 7.20 Let X > 0 be large and € > 0 be small. The expansion (7.12)
s asymptotic along any curve of the form in Fig 1, if with the properties

o |z| > X along the curve, the length of the curve is O(X™) and no
singularity of Fy is approached at a distance less than e.

For example, a contractive mapping integral equation can be written for the
remainder

o F5(9)
y(w) - g o (7.21)
for N conveniently large.
Ba Equation (4.226)
Let f = Fy — 1/3. The equation for f(€) is, cf. (7.48),

&f = F(1+3f+3/%); f(0)=1 (7.22)
so that

&= & (O (E) +wo)"(F(&) +70)~° (7.23)

with & = 372 exp(—17v/3), wo = 1 + 28 and 6 = L +i¥3. and, cf. (7.49),

fF;; = (3f + 1)2Fk + Rk(f, ey Fk—l)

(for k > 1 and where R; = gf3) (7.24)

The functions Fy, k > 1 can also be obtained in closed form, order by order.
By Theorem 7.52 below, the relation y ~ ¢ holds in the sector

Ss, = {x € C: arg(z) > —g + 9, |Cx1/567$| <}
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for some ¢; > 0 and any small § > 0. Theorem 7.52 insures that y ~ ¢ holds
in fact on a larger region, surrounding singularities of Fyy (and thus of y). To
apply this result we need the surface of analyticity of Fy and an estimate for
the location of its singularities.

Lemma 7.25 (i) The function Fy is analytic on the universal covering Rz
of C\ E where

[1]

= {& = (—1)P" & exp(pamV/3) : p1o € Z} (7.26)

and its singularities are algebraic of order —1/2, located at points lying above

—
i

(i) (The first Riemann sheet) The function Fy is analytic in C\ ((—oo, &)U
61,00) ).

(i) The Riemann surface associated to Fy is represented in Fig. 2.

Proof

Singularities of Fy. The RHS of (7.14) is analytic except at Fy = oo, thus
F, is analytic except at points where Fy — co. From (7.23) it follows that
limp, 00 & € E and (i) follows straightforwardly; in particular, as £ — &, € E
we have (¢ — &)V/2Fy(€) — v/=&,/6.

(ii) We now examine on which sheets in Rz these singularities are located,
and start with a study of the first Riemann sheet (where Fy(¢) = £+0(€?) for
small ). Finding which of the points &, are singularities of F on the first sheet
can be rephrased in the following way. On which constant phase (equivalently,
steepest ascent/descent) paths of £(Fp), which extend to | Fy| = oo in the plane
Fy, is £(Fp) uniformly bounded?

Constant phase paths are governed by the equation $(dIn¢) = 0. Thus,
denoting Fy = X +iY, since &'/ = (FO +3F2 + ?;Fg’)f1 one is led to the real
differential equation (¢'/€)dX + R(¢'/€)dY =0, or

Y(1+6X +9X? —3Y?)dX
— (X +3X2-3Y?4+3X3 - 9XY?)dY =0 (7.27)

We are interested in the field lines of (7.27) which extend to infinity. Noting
that the singularities of the field are (0,0) (unstable node, in a natural param-
eterization) and Py = (—1/2,4+/3/6) (stable foci, corresponding to —wp and
—wp), the phase portrait is easy to draw (see Fig. 2) and there are only two
curves starting at (0,0) so that |Fy| — oo, & bounded, namely +R* along
which & — &y and £ — &, respectively.

(iii) Thus Fig. 2 encodes the structure of singularities of F on Rz in the
following way. A given class 7 € Rz can be represented by a curve composed
of rays and arcs of circle. In Fig. 2, in the Fy-plane, this corresponds to a curve
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~" composed of constant phase (dark gray) lines or constant modulus (light
gray ) lines. Curves in Rz terminating at singularities of Fy correspond in
Fig 2. to curves so that |Fy| — oo (the four dark gray separatrices Sy, ..., S4).
Thus to calculate where, on a particular Riemann sheet of R=, is F{ singular,
one needs to find the limit of £ in (7.23), as Fy — oo along along + followed

by S;. This is straightforward, since the branch of the complex powers 6, 0, is
calculated easily from the index of 7/ with respect to Pr. O

Theorem 7.52 can now be applied on relatively compact subdomains of Rz
and used to determine a uniform asymptotic representation y ~ g in domains
surrounding singularities of y(z), and to obtain their asymptotic location.
Going back to the original variables, similar information on u(z) follows. For
example, using Theorem 7.52 for the first Riemann sheet.

D={[{| <K [&¢&(-00,&1) U (&, +00) , [§ =& > € |6~ &l > €}

(for any small € > 0 and large positive K) the corresponding domain in the
z-plane is shown in Fig. 3.

In general, we fix € > 0 small, and some K > 0 and define Ax = {z : argz €
(m—0,%m40), |£(2)] < K} and let Rk = be the universal covering of
EN Ak and Rk, the corresponding Riemann surface in the z plane, with

e— neighborhoods of the points projecting on z(z(Z)) deleted.

Proposition 7.28 (i) The solutions v = u(z;C) described in the beginning
of §D have the asymptotic expansion

25k/3

u(z) ~ 21/3 <1 + $2_5/3 + Z W)
k=0
(as 2 —00; 2€Ruke) (7.29)

where

&(z) = ﬂc(z)l/5e_z(2), and x(z) = —§z5/3 (7.30)

(ii) In the “steep ascent” strips arg(§) € (a1,a2), lag — a1| < 7 starting
in Ax and crossing the boundary of Ak, the function u has at most one
singularity, when £(z) = & or &, and u(z) = 22/3e*2™/3(1 4 0(1)) as z — oo
(the sign is determined by arg(€)).

(iii) The singularities of u(z;C), for C # 0, are located within O(€) of the
punctures of Rk ,0-

Applying Theorem 7.52 to (4.232) it follows that for n — oo, a given so-
lution y is singular at points Z,, such that {(Z,,)/& = 1+ o(1) (|Zpn]
large).
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FIGURE 7.1: The dark lines represent the phase portrait of (7.27), as well
as the lines of steepest variation of |£(u)|. The light gray lines correspond to
the orthogonal field, and to the lines |{(u)| = const.

Now, y can only be singular if |y| — oo (otherwise the r.h.s. of (4.232) is
analytic). If Z,, is a point where y is unbounded, with § = z — %,,, and
v =1/y we have

dé
= vFg(v,9) (7.31)

where Fy is analytic near (0,0). It is easy to see that this differential equation
has a unique solution with 6(0) = 0 and that ¢’(0) = 0 as well.

The result is then that the singularities of u are also algebraic of order
-1/2.

Proposition 7.32 If zy is a singularity of u(z; C) then in a neighborhood of
zo we have

w=4/=1/2(z — 20) "2 Ao((z — 20)"/?) (7.33)

where Ay is analytic at zero and Ay(0) = 1.

Notes. 1. The local behavior near a singularity could have been guessed
by local Painlevé analysis and the method of dominant balance, with the
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standard ansatz near a singularity, u ~ Const.(z — zp)P. The results however
are global: Proposition 7.28 gives the behavior of a fized solution at infinitely
many singularities, and gives the position of these singularities as soon as C;
(or the position of only one of these singularities) is known (and in addition
show that the power behavior ansatz is correct in this case).

2. By the substitution y = v/(1 + v) in (4.232) we get

3
1
W = 7%271”” —100% + —v+ gt ) (7.34)
The singularities of v are at the points where v(t) = —1.

3. It is not always the case that the singularities of y must be of the same
type as the singularities of Fj;. The position, as we argued is asymptotically
the same, but near singularities the expansion (7.13) becomes invalid and it
must either be re-matched to an expansion valid near singularities or, again,
we can rely on the differential equation to see what these singularities are.

Further examples and discussions follow, in §Da and §Db .

C Rigorous results for generic nonlinear differential sys-
tems

We describe the results in [42] but omit proofs which follow the lines
sketched in §B, but are rather lengthy. The region where the formal or
summed transseries is valid is

Sirans = {x € C;if C; # 0 then r% e NT = o(1),j =1, ,n} (7.35)

This sector might be the whole C if all C; = 0; otherwise it lies between two
antistokes lines, and has opening at most 7.

If we have normalized the equation in such a way that A\; = 1, and A, is the
eigenvalue in the fourth quadrant (if there is such an eigenvalue) with the most
negative angle, then in the upper half plane, S},q,s Will be controlled, roughly,
by the condition R(\,,x) > 0. If there is no such eigenvalue, then the rigion
in the first quadrant will be determined by A; = 1, namely z*e™* = o(1).
If we examine the first quadrant, it is now convenient to rotate again the
independent variable so that A\, = 1, since this eigenvalue is the determining
one. Since originally no exponentials associated with A; belonging to the
second or third quadrant were allowed, then after this new rotation there will
be no eigenvalue in the fourth quadrant, and the region of validity in the first
quadrant would be, roughly, up to the imaginary line.



210 Asymptotics and Borel summability

y(x) _ Z Cke—)vkwkayk(x)
k>0
=Y Cre MMy LBY, (2) = LBY(z) (7.36)
k>0

for some constants C € C", where M; = |[Ra;] + 1 (|-] is the integer part),

and
~ s 5’k~r /
yk(z) = 7x7k0;,+r (o' =a—-—M) (7.37)

r=0

(for technical reasons the Borel summation procedure is applied to the series
Vi(z) = 2% 8 (x) (7.38)

rather than to Sk(z).

The key to understanding the behavior of y(x) for = beyond Sg, is to
look carefully at the borderline region where (7.36) converges but barely so.
Because of nonresonance, for arg(z) = 7/2 we have ®(\;z) > 0,5 = 2,...,n;.
All terms in (7.36) with k not a multiple of e; = (1,0, ...,0) are subdominant
(small). Thus, for  near iR™ we only need to look at

yU(z) = Z Cre FeghMiy,  (x) (7.39)
k>0

The region of convergence of (7.39) (thus of (4.225)) is then determined by the
effective variable £ = Cre™ "z (since yie, ~ Yke, = €1 +0(1)). Convergence
is marginal along curves such that & is small enough but, as |z| — oo, is
nevertheless larger than all negative powers of z. In this case, any term of
the form CFe kexkMiy, o is much larger than the terms Cle~!*zlory,, if
k,1 >0 and > 0. Hence the leading behavior of y!!! is expected to be

yH@) ~ > (Cre ™2 S ke, 0 = Fo(€) (7.40)
E>0

moreover, taking into account all terms in yxe, we get

yW@) ~ S oY e =Y ;(f) (7.41)
r=0 k=0 7=0

Expansion (7.41) has a two-scale structure, with the scales £ and x.
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Ca Notation

Let d be a direction in the z-plane which is not not an antistokes line.
Consider a solution y(x) of (4.220) satisfying the assumptions in §5.0a . We
define

San = San (y(x);€) = SF U S- (7.42)

where

55 ={ailal > R, argla) € [-5 F e, 5 F | and

|C’;e_>‘j£x_ﬁf| <6t for j=1, ,n} (7.43)

We use be the representation of y as summation of its transseries y(z)
(4.225) in the direction d. Let

pj;k:Ajfk')\, 7=1..n1, kEZil (744)

For simplicity we assume, what is generically the case, that no p;;i lies on the
antistokes lines bounding St;qns-

We assume that not all parameters C; are zero, say C7 # 0. Then Siqns
is bounded by two antistokes lines and its opening is at most .

We arrange that

(a) arg(A1) < arg(A2) < ... < arg(An,)

and, by construction,

(b) A\, > 0.

The solution y(z) is then analytic in a region Sg,.

The locations of singularities of y(z) depend on the constant C; (constant
which may change when we cross the Stokes line RT). We need its value in
the sector between RT and iR, , the next Stokes line.

Fix some small, positive § and c¢. Denote

§=¢&(x) = Cre™"a™ (7.45)
and
E= {x; arg(z) € —g—l—é,g—i—& and
R(N;jz/|z]) > cfor all j with 2 < j <ny} (7.46)
Also let
S5, = {r € €; [£()] < 61} (7.47)

The sector £ contains Sirqns, except for a thin sector at the lower edge
of Sirans (excluded by the conditions R(Ajz/|z|) > ¢ for 2 < j < ny, or, if
n1 = 1, by the condition arg(x) > —% +6), and may extend beyond iR since
there is no condition on R(A;z)—hence R(A12) = R(x) may change sign in £
and Ss, .

Figure 1 is drawn for n; = 1; £ contains the gray regions and extends
beyond the curved boundary.
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Cb  The recursive system for F,,

The functions are F,,, recursively, from their differential equation. Formally
the calculation is the following.

The series F = Yomso T "Fp(€) is a formal solution of (4.220); substi-
tution in the equation_and identification of coefficients of =™ yields the
recursive system

d 1 (%
Po= (AR —gO.F0))  (749)
Qg NP, = iR,  +R for m > 1 (7.49)
df m m — 1dg m—1 m—1 T = .
where N is the matrix
¢ 1 (0yg(0,Fo) — A) (7.50)

and the function R,,,—1(£) depends only on the Fy with k < m:

N 1 dm m-l
Ry 1 = — | (m — 1) + A} Fpi = ———g |2 ) 2F, (7.51)
. j=0 z=0

For more detail see [42] Section 4.3.
To leading order we have y ~ Fy (see also (7.40)) where Fy satisfies the
autonomous (after a substitution ¢ = e¢) equation

F, = AF; — g(0,Fy)

which can be solved in closed form for first order equations (n = 1) (the
equation for Fj is separable, and for k > 1 the equations are linear), as well
as in other interesting cases (see e.g. §Db ).

(7.48), (7.49). To determine the F,,,’s associated to y we first note that these
functions are analytic at £ = 0 (cf. Theorem 7.52). Denoting by F, ;, j =
1,..,n the components of F,,, a simple calculation shows that (7.48) has a
unique analytic solution satisfying Fp 1(£) = €+ 0(€2?) and Fy (&) = O(&?) for
j=2,..,n. For m = 1, there is a one parameter family of solutions of (7.49)
having a Taylor series at £ = 0, and they have the form Fy 1(§) = c1£ + O(&?)
and Fy j(€) = O(&?) for j = 2, ...,n. The parameter c; is determined from the
condition that (7.49) has an analytic solution for m = 2. For this value of ¢;
there is a one parameter family of solutions Fy analytic at £ = 0 and this new
parameter is determined by analyzing the equation of F3. The procedure can
be continued to any order in m, in the same way; in particular, the constant
Cm 18 only determined at step m+1 from the condition of analyticity of F,,41.
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Theorem 7.52 (i) The functions F,,,(§); m > 1, are analytic in D (note
that by construction Fy is analytic in D) and for some positive B, K we have

|F(€)] < KmB™, £€€D (7.53)

(i) For large enough R, the solution y(z) is analytic in Dy and has the
asymptotic representation

y(@) ~ Y @ "Fu(é(x) (v €Dy, |z| - oo) (7.54)

m=0

In fact, the following Gevrey-like estimates hold

m—1
y(x) — Z r7F;(E(2)| < Kom!BY'|z|™™ (meNT, z€D,) (7.55)
§=0

(iii) Assume Fo has an isolated singularity at £ € Z and that the projection
of D on C contains a punctured neighborhood of (or an annulus of inner radius
r around) &s.

Then, if C1 # 0, y(z) is singular at a distance at most o(1) (r + o(1),
respectively) of x, € £ ({&}) N Dy, as x, — <.

The collection {xzy,}nen forms a nearly periodic array

Ty = 2nmi + oq In(2nmi) + In Cy — In&s + o(1) (7.56)
as n — oo.

Some of the conclusions of the theorem hold with D noncompact, under some
natural restrictions, see Proposition 7.57.

Remarks. 1. The singularities x,, satisfy Cie *na®t = £,(1 4 o(1)) (for
n — 00). Therefore, the singularity array lies slightly to the left of the antis-
tokes line iR if (1) < 0 (this case is depicted in Figure 1) and slightly to
the right of iR if R(ay1) > 0.

2. In practice it is useful to normalize the system (4.220) so that ay is as
small as possible.

3. By (7.55) a truncation of the two-scale series (7.54) at an m dependent
on x (m ~ |z|/B) is seen to produce exponential accuracy o(e™1*/5l), see e.g.
[10].

4. Theorem 7.52 can also be used to determine precisely the nature of the
singularities of y(z). In effect, for any n, the representation (7.54) provides
o(e~Kl#nl) estimates on y down to an o(e”¥1#»l) distance of an actual singu-
larity x,,. In most instances this is more than sufficient to match to a suitable
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local integral equation, contractive in a tiny neighborhood of z,, providing
rigorous control of the singularity. See also §D.

General comments. 1. The expansion scales, z and 2~ '/2¢ % are crucial.
Only for this choice one obtains an expansion which is valid both in Stqns
and near poles of (4.88). For instance, the more general second scale z% =7
introduces logarithmic singularities in H;, except when a € —% + Z. With
these logarithmic terms, the two scale expansion would only be valid in an
O(1) region in x, what is sometimes called a “patch at infinity”, instead of
more than a sector. Also, a € —% — N introduces obligatory singularities at
& = 0 precluding the validity of the expansion in St.qns. The case a € —% +N
produces instead an expansion valid in Sy.qns but not near poles. Indeed, the
so that

implying

EF) +¢F, — Fy =3BF] — F3
and, with the same initial condition as above, we now have

26(1+ B¢)
Fp=——>
£2+2
The first normalization applies for the manifold of solutions such that y ~
—2 (for @ = 0 y is exponentially small and behaves like an Airy function)
while the second one corresponds to y ~ —B — %x_?’/Q.
The following is an extension, in some respects, of Theorem 7.52 (ii).

Proposition 7.57 Assume D is not necessarily compact, ' is a curve of
possibly infinite length in D with the following properties:
(a) For some e > 0, Ty 2(2,8) and N(z) are analytic for z in an € neighborhood
of T' and for |8| < € and in addition T} 2(z,8) = O(28,8?)
(b) M({,ﬁl,o) is bounded in an € neighborhood of I' and for some K and all
¢ €T we have fé . ‘M(f,flp)‘ d|s| < K (where |M| is some Euclidian norm

of the matriz M(€,&1)).
Then the conclusions of Theorem 7.52 (ii) hold in the x domain D, corre-
sponding to D.

Cc  Proof of Theorem 7.52 (iii)

To show Theorem 7.52 (iii), assume &; is an isolated singularity of Fo (thus
¢ #£0) and X = {z: £(z) = &}. By lemma 8.4 there is a circle C around &
and a function g(§) analytic in B,.(§ — &) such that §c Fo(&)g(&)d¢ = 1. In
a neighborhood of z,, € X the function f(z) = e *a** is conformal and for
large .,
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A9 @)
él(c)y() f() !

. ;i (140 ) (Fo(€) + O(e;)g(€)de = 1+ O ) £0  (7.58)

It follows from lemma 8.4 that for large enough z,, y(z) is not analytic inside
C either. Since the radius of C can be taken o(1) Theorem 7.52 (iii) follows.
Note. In many cases the singularity of y is of the same type as the singu-
larity of Fy. See §D for further comments.
In the following we will make rigorous these intuitive arguments and then
proceed to explore further properties and consequences.

D Further examples

Da PI.

Proposition 7.59 below shows, in (i), how the constant C' beyond all orders
is associated to a truncated solution y(z) of Py for arg(z) = 7 (formula (7.60))
and gives the position of one array of poles z, of the solution associated to
C (formula (7.61)), and in (ii) provides uniform asymptotic expansion to all
orders of this solution in a sector centered on arg(z) = 7 and one array of
poles (except for small neighborhoods of these poles) in formula (7.63).

Proposition 7.59 (i) Let y be a solution of (4.82) such that y(z) ~ \/—z/6
for large z with arg(z) = w. For any ¢ € (m,7m + %w) the following limit
determines the constant C' (which does not depend on ¢ in this range) in the
transseries § of y:

. _ 6 g;k
Jim ()7 Sve - X s | =C (7.60)
arzg(z)0:0¢ E<|z(2)]

(Note that the constants o, do not depend on C). With this definition, if
C # 0, the function y has poles near the antistokes line arg(z) = m + %77 at
all points z,, where, for large n

60m)5 [ 4 . 2 L 109 s
e o ot ()

co (W e
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with L, = 5%7 In (”;gz n), or, more compactly,

327 _s/2

(ii) Let € € R and define

2= (e arg(e) > Smle)] < s 6() 12> )

(the region starts at the antistokes line arg(z) = gw and extends slightly beyond
the next antistokes line, arg(z) = Im). Ify ~ \/—2/6 as|z| — oo, arg(z) =,
then for z € Z we have

oo

—z 1 308 Hy,(€)
"\ (1_8\/6(—2)5/2 P <24z>5k/4>

k=0
(lz]| = 00, z€ Z) (7.63)

The functions Hy are rational, and Ho(€) = £(£/12 — 1)72. The expansion
(7.68) holds uniformly in the sector 7=1 arg(z) € (3/5,7/5) and also on one of
its sides, where Hy becomes dominant, down to an o(1) distance of the actual
poles of y if z is large.

Proof. We prove the corresponding statements for the normal form (4.88).
To go back to the variables of (4.82) mere substitutions are needed, which we
omit.

Most of Proposition 7.59 is a direct consequence of Theorems 1 and 2. For
the one-parameter family of solutions which are small in the right half plane
we then have

b~ e R H () (7.69)

k=0

where &(z) = z~/2e ",
As in the first example we find Hy, by substituting (7.64) in (4.88).

The equation of Hy is

1
§HY + ¢Hy = Ho + 5 H}

The general solution of this equation are the Weierstrass elliptic functions of
In&, as expected from the general knowledge of the asymptotic behavior of
the Painlevé solutions (see [13]). For our special initial condition, Hy analytic
at zero and Hy(§) = £(1+ o(1)), the solution is a degenerate elliptic function,
namely,
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§

Important remark. One of the two free constants in the general solution
H; is determined by the condition of analyticity at zero of Hy (this constant
multiplies terms in In&). It is interesting to note that the remaining constant
is only determined in the next step, when solving the equation for Hy! This
pattern is typical (see §Cb ).

Continuing this procedure we obtain successively:

H, = (2165 +21062 +3¢% - 6—10 54) (€ —12)73 (7.65)
_ 2 @ 3 _ 2& 4 E 5 £° _ —4
H, = (1458§+5238§ R i i 21600) (€ -12)

(7.66)

We omit the straightforward but quite lengthy inductive proof that all Hy,
are rational functions of €. The reason the calculation is tedious is that
this property holds for (4.88) but not for its generic perturbations, and the
last potential obstruction to rationality, successfully overcome by (4.88), is at
k = 6. On the positive side, these calculations are algorithmic and are very
easy to carry out with the aid of a symbolic language program.

In the same way as in Example 1 one can show that the corresponding
singularities of h are double poles: all the terms of the corresponding asymp-
totic expansion of 1/h are analytic near the singularity of h! All this is again
straightforward, and lengthy because of the potential obstruction at k£ = 6.

Let & correspond to a zero of 1/h. To leading order, £, = 12, by Theo-
rem 7.52 (iii). To find the next order in the expansion of £, one substitutes
& =12+ A/x + O(x~2), to obtain

1/n(e) = A 4 o1 /0%)

whence A = 109/10 (because 1/h is analytic at £;) and we have

109
=124+ — + -2 .
& 102 O(z™?) (7.67)

Given a solution h, its constant C' in & for which (7.64) holds can be cal-
culated from asymptotic information in any direction above the real line by
near least term truncation, namely

C= lim exp(z)z'/? | h(z) — Z ho.x (7.68)

k
x
arg(z)=¢ k<|z|
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(this is a particular case of much more general formulas [24]) where ), }~L0’ px =k
is the common asymptotic series of all solutions of (4.88) which are small in
the right half plane.

O

General comments. 1. The expansion scales, z and 2~ '/2¢~% are crucial.
Only for this choice one obtains an expansion which is valid both in Stqns
and near poles of (4.88). For instance, the more general second scale z%e™*
introduces logarithmic singularities in H;, except when a € —% + Z. With
these logarithmic terms, the two scale expansion would only be valid in an
O(1) region in z, what is sometimes called a “patch at infinity”, instead of
more than a sector. Also, a € —% — N introduces obligatory singularities at
& = 0 precluding the validity of the expansion in St.qns. The case a € f% +N
produces instead an expansion valid in Strqns but not near poles. Indeed, the
substitution h(x) = g(z)/2™, n € N has the effect of changing « to & +n in
the normal form. This in turn amounts to restricting the analysis to a region
far away from the poles, and then all H; will be entire. In general we need
thus to make (by substitutions in (4.220)) a = « minimal compatible with
the assumptions (al) and (a2), as this ensures the widest region of analysis.

Db  The Painlevé equation P2

This equation reads:
y' =23 +ry+a (7.69)

(Incidentally, this example also shows that for a given equation distinct solu-
tion manifolds associated to distinct asymptotic behaviors may lead to differ-
ent normalizations.) After the change of variables

z=(3t/2)*% y(z) =27 (th(t) — a)
one obtains the normal form equation

n 240?41 8 8a 8(a?® - a)
" 3 2
h +t_(1+9t2>h_9h+3th o5 0 (710

and . 9
o
M=1, ay=-1/2; £ = —=; E°F) +¢F)=Fo+ —Fp
1 1 / 5 \/E 5 0 EO 0 9 0

The initial condition is (always): Fy analytic at 0 and F{(0) = 1. This implies

RS
1-¢£2/9

Distinct normalizations (and sets of solutions) are provided by

Fo(§)

x = (At)*3; y(x) = (Ar)'/3 (w(t) - B+ QLAt)
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if A2=-9/8, B2 = —1/2. In this case,

3Ba 1—6a?
tA 9¢2

!/
w”+lg+w<1+—

_ B3N o, s, b 2y -1 2
<3B QtA)w +w+ o (B(1+460”) —t 'a(a® — 4)) (7.71)

so that

implying

EF) + ¢F) — Fy = 3BF; — Fp
and, with the same initial condition as above, we now have

26(1+ B¢)
Fy=——">=
&+
The first normalization applies for the manifold of solutions such that y ~
—2 (for @ = 0 y is exponentially small and behaves like an Airy function)

while the second one corresponds to y ~ —B — %x_?’/Q.
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Appendix

A
Aa

Rigorous construction of transseries
Abstracting from §4.2b

1. Let (G, -, <) be a finitely generated, totally ordered (any two elements

. We write py = p* := ulfl Cee

are comparable) abelian group, with generators p1, ua, ...ptn, such that
< is compatible with the group operations, that is, g1 < g2 and g3 < g4
implies g1g3 < g294, and such that 1 > pg > --- > p,. This is the
case when p; are transmonomials of level zero.

k

Lemma 8.1 Consider the partial order relation that we introduced be-
fore on 77, k > m iff k; > m; for alli=1,2,...,n and at least for some
j we have k; > mj. If BC A= {k € Z" : k > m}, then there is no
infinite nonascending chain in B. That, is there is no infinite sequence
in B,b, # by, forn #m, and b1 # by, for all n.

Proof. Assume there is an infinite nonascending sequence, {k(m)}mnen.
Then at least for some i € {1,2,...,n} the sequence {k;(m)},en must
have infinitely many distinct elements. Since the k;(m) are bounded
below, then the set {k;(m)}men is unbounded above, and we can extract
a strictly increasing subsequence {k;(m;)};en. We now take the sequence
{k(mi)}ien. At least for some j # ¢ the set k;(m;) needs to have
infinitely many elements too. Indeed if the sets {k;(m;); j # i} are finite,
we can split {k(m;)};en into a finite set of subsequences, in each of which
all k;j(my), j # i, are constant while k; is strictly increasing. But every
such subsequence would be strictly decreasing, which is impossible. By
finite induction we can extract a subsequence {k(m;)}ien of k(m)}bmen
in which all k;(m;) are increasing, a contradiction.

Remark. This is a particular, much easier result of Kruskal’s tree
theorem. which we briefly mention here. A relation is well-founded if
and only if it contains no countable infinite descending sequence {x; }en
of elements of X such that x,,41 Rz, for every n € N. The relation R is a

223
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quasiorder if it is reflexive and transitive. Well-quasi-ordering is a well-
founded quasi-ordering such that that there is no sequence {z;}cn with
x; £ x;Vi < j. A tree is a collection of vertices in which any two vertices
are connected by exactly one line. J. Kruskal’s tree theorem states that
the set of finite trees over a well-quasi-ordered set is well-quasi-ordered.

Ezercises. (1) Show that the equation ki +ko =1 has only finitely many
solutions in the set {k : k > m}.

(2) Show that for any 1 € R™ there can only be finitely many p € N and
k; eR",j=1,..,p such that ky + ko +---k, =1

Corollary 8.2 For any set B C A= {k € Z" : k > m} there is a set
B; = mag(B) with finitely many elements, such that Vb € B\ By
there exists by € By such that by < b.

Consider the set of all elements which not greater than other elements
of B, By = {by € BJb # by = b % b1}. In particular, no two elements
of By can be compared with each-other. But then, by Lemma 8.1 this
set cannot be infinite since it would contain an infinite non-ascending
chain.

Now, if b € B\ By, then by definition there is a b’ > b in B. If ¥/ € B
there is nothing to prove. Otherwise there is a " > o’ in B. Eventually
some b®) must belong to By, finishing the proof, otherwise b < b’ < ...
would form an infinite nonascending chain.

Corollary 8.3 For any set B C A= {k € Z" : k > m} there is a set
Mag(B) with finitely many elements, such that Vb € B\ By there exists
b1 € By such that by < b.

For any m € Z" and any set B C {k|k > m}, the set A = {ux|k € B}
has a largest element with respect to >. Indeed, if such was not the case,
then we would be able to construct an infinitely ascending sequence.

Lemma 8.4 No set of elements of ux € G such that k > m can contain
an infinitely ascending chain, that is a sequence of the form

<K G Lo

Proof. For such a sequence, the corresponding k would be strictly
nonascending, in contradiction with Lemma 8.1.

It follows that for any m every B C Am = {g € G|g = uk; k > m} is well
ordered (every subset has a largest element) and thus B can be indexed
by ordinals. By this we mean that there exists a set of ordinals Q (or,
which is the same, an ordinal) which is in one-to-one correspondence
with B and gg < gg if > (.
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If Ais asin 4, and if g € G has a successor in A, that is, there is a
g € A, g > g then it has an immediate successor, the largest element
in the subset of A consisting of all elements less than g. There may
not be an immediate predecessor though, as is the case of e™* in A; =
{z7™,n € N}U{e *}. Note also that, although e~ has infinitely many
predecessors, there is no infinite ascending chain in A;.

Lemma 8.5 For any g € G, and m € Z", there exist finitely many
(distinct) k > m such that pux = g.

Proof. Assume the contrary. Then for at least one 7, say i = 1 there are
infinitely many k; in the set of (k); such that ux = ¢g. Asin Lemma 8.12,
we can extract a strictly increasing subsequence. But then, along it,
;/1” -+ pFn would form an infinite strictly ascending sequence, a contra-
diction.

Proof: FExercise.

For any coefficients cx € R, consider the formal multiseries, which we
shall call transseries over G,

T = Z Ck Uk (86)

keZr;k>M

Transseries actually needed in analysis are constructed in the sequel,
with a particular inductive definition of generators .

. More generally o transseries over G is a sum which can be written in

the form (8.6) for some (fixed) n € N and for some some choice of
generators py, k € Z".

The fact that a transseries s is small does not mean that the correspond-
ing px have positive k; s could contain terms such as ze™® of V22
etc.). But positiveness can be arranged by a suitable choice of generators

as follows from the next result.

x

Note It is important that a transseries is defined over a set of the form
Am. For instance, in the group G with two generators ! and V2 an

expression of the form
Z pmmvImn (8.7)
{(m,n)€Z2|mv2+n>0}

is not acceptable. The behavior of a function whose “asymptotic expan-
sion” is given by (8.7) is not at all manifest.
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Exercise 8.8 Consider the numbers the form m~/2+n, where m,n € 7.
It can be shown, for instance using continued fractions, that one can
choose a subsequence from this set such that s,, 1 1. Show that ), x=*"
is mot a transseries over any group of monomials of order zero.

Expressions similar to the one in the exercise do appear in some problems
in discrete dynamics. The very fact that transseries are closed under
many operations, including solutions of ODEs, shows that such functions
are “highly transcendental”.

Given m € Z" and g € G, the set S; = {k|ux = g} contains, by
Lemma 8.5 finitely many elements (possibly none). Thus the constant
d(g) = Zkesq cx is well defined. By 4 there is a largest ¢ = g; in the
set {px|d(g) # 0}, unless all coefficients are zero. We call this g; the
magnitude of T', g1 = mag(T), and we write dom(7T") = d(g1)g1 = d1g1.

By 5, the set {g = ux|k > m} can be indexed by ordinals, and we write

T=7 dsgs (8.9)

BEQ

where g3 < g if § > (. By convention, the first element in (8.9),
d1g1 75 0.

Convention. To simplify the notation and terminology, we will say,
with some abuse of language, that a group element gs appearing in
(8.9) belongs to T

Whenever convenient, we can also select the elements of dggg in T with
nonzero coefficients. As a subset of a well ordered set, it is well ordered
too, by a set of ordinals 2 C 2 and write

T=> dsgs (8.10)
BeQ

where all dg are nonzero.

Notation To simplify the exposition we will denote by Ay, the set
{pxlk > m}, K, = {klk > m} and 74, the set of transseries over Ay,.

Any transseries can be written in the form

T'=L+c+s= Z dggs +c+ Z dggp (8.11)
BEQ;gp>1 BEQgs<1

where L is called a purely large transseries, c is a constant and s is called
a small transseries.

Note that L,c and s are transseries since, for instance, the set {8 €
;g3 < 1} is a subset of ordinals, thus an ordinal itself.
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Lemma 8.12 If G is finitely generated, if Am C G and s is a small
transseries over Am we can always assume, for an n > n' that the
generators v, k € Z"™ are such that for all e € s we have k' > 0.

s = Z HkCk = Z dﬁgg = Z l/k/ci(, (813)

k>m Bef) k'>0

Proof. In the first sum on the left side we can retain only the set of
indices I such that k € I = pux = gg has nonzero coeflicient dg. In
particular, since all gg < 1, we have ux < 1 Vk € I. Let I; = Mag(I).
We adjoin to the generators of G all the vy = py with k’ € I;. The new
set of generators is still finite and for all k € I there is a k' € Mag(I)
such that k > k’ and py can be written in the form vl 1 where all
1>0.

Remark. After the construction, generally, there will be nontrivial
relations between the generators. But nowhere do we assume that gen-
erators are relation-free, so this creates no difficulty.

An algebra over G can be defined as follows. Let A and A be well or-
dered sets in Q. The set of pairs (3, B) € A x A is well ordered (check!).
For every g, the equation gg - 95 =9 has finitely many solutions. In-
deed, otherwise there would be an infinite sequence of gg which cannot
be ascending, thus there is a subsequence of them which is strictly de-
scending. But then, along that sequence, 95 would be strictly ascending;

then the set of corresponding ordinals 8 would form an infinite strictly
descending chain, which is impossible. Thus, in

T-T:w= > g, Y dgdg (8.14)

~EAXA  98°953=G~
the inner sum contains finitely many terms.

We denote be 7g the algebra of transseries over G. 7g is a commutative
algebra with respect to (+, -). We will see in the sequel that 7g is in
fact a field. We make it an ordered algebra by writing

Ty <« Ty & mag(Th) < mag(Ts) (8.15)

and writing
T>0<« dom(T) >0 (8.16)

Product form. With the convention dom(0) = 0, any transseries can
be written in the form

T = dom(T)(1 + s) (8.17)

where s is small (check).
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Embeddings. If G; C G, we write that 7g, C 7g in the natural way.

Topology on 7g. We consider a sequence of transseries over a common
set Ay, of elements of G, indexed by the ordinal €.

(T} s 79 = Y dfl gl
Bep

Definition. We say that T — 0as j — oo if for any 8 €  there is a
j(B) such that the coefficient dg] =0 for all if j > j(0).

Thus the transseries T must be eventually depleted of all coefficients.
This aspect is very important. The mere fact that dom(S) — 0 does
not suffice. Indeed the sequence . j 7% + je™®, though “rapidly
decreasing” is not convergent according to the definition, and probably
should not be considered convergent in any reasonable topology.

Equivalently, the sequence TU! — 0 is convergent if there is a represen-
tation such that

bl = Z CE]pk (8.18)
k>m

and in the sum px = ¢ has only one solution (we know that such a
choice is possible), and min{|ki| + - -+ + |kn| : CE] #0} — 0 as j — oo.
Let f1, ..., in be any generators for G, m € Z%, as in 5 and Tj € Ta,,
a sequence of transseries. Let N; := min{ki + ... + kp|pf" -+ - pbr €
T;}. Note that we can write min since, by Lemma 8.1, the minimum
value is attained (check this!). If N; — oo then T; — 0. Indeed, if
this was not the case, then there would exist a gg such that gg € T}
with dg # 0 for infinitely many j. Since IN; — oo there is a sequence
tk € Am such that k; + ... + &k, — oo and px = gs. This would yield
an infinite set of solutions of pux = gg in Am, which is not possible. The
function max{e~/F1l++lknl . > =g Ok 7 0} is a semimetric (it satisfies
all properties of the metric except the triangle inequality) which induces
the same topology.

More generally, transseries are a subset of functions f defined on G with
real values and for which there exists a ko(f) = ko such that f(gx) =0
for all k < kg. On these functions we can define a topology by writing
fUl — 0 if there exists ko(fV!) does not depend on j and for any gs
there is an N we have fI"(gg) = 0 for all n > N and such . The first
restriction is imposed to disallow, say, the convergence of z™ to zero,
which would not be compatible with a good structure of transseries.
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22. This topology is metrizable. For example we can proceed as follows.
Let Ay be the common set over which the transseries are defined. The
elements of G are countable. We choose any counting on Ay,,. We then
identify transseries over Ay, with the space F of real-valued functions
defined on the natural numbers. We define d(f,g) = 1/n where n is
the least integer such that f(n) # g(n) and d(f,f) = 0. The only
property that needs to be checked is the triangle inequality. Let h € F.
If d(g, h) > 1/n, then clearly d(f,g) < d(f,h)+d(h,g). If d(g,h) < 1/n
then d(f,h) = 1/n and the inequality holds too.

23. The topology cannot come from a norm, since in general a,u /4 0 as
a, — 0.

24. We also note that the topology is not compatible with the order relation.
For example s, = ™" 4+ e 7 Tasn — 00, S, > e V% for all n
while e=® % e~ V%, The same argument shows that there is no distance
compatible with the order relation.

— e

25. In some sense, there is no “good” topology compatible with the order
relation <. Indeed, if there was one, then the sequences s,, = =" and
t, = x~™ 4+ e~ % which are interlaced in the order relation should have
the same limit, but then addition would be discontinuous!.

26. Giving up compatibility with asymptotic order allows us to ensure con-
tinuity of most operations of interest.

Exercise. Show that a Cauchy sequence in T4, is convergent, and T4,

is a topological algebra.

m’

27. If G is finitely generated, then for any small transseries

s = Z dggg (819)

BeEQ:gpkKl

we have s7 — 0 as j — o0.

Proof. Indeed, by Lemma 8.12 we may assume that the generators of G,
(41, --vy bn, are chosen such that all k > 0in s. Let g € G. The terms oc-

. 1 j 1 L
curring in the formal sum of s7 are of the form const.ul11+m+l{ o ,uiz"Jr g
where /7, > 0 and at least one [ > 0. Therefore I} +...+1] — oo and

>—i a8t — 0 by 21 for any j, M — oo.

As a side remark, finite generation is not needed at this point. More
generally, let A C G be well ordered. It follows from J. Kruskal’s theorem
that the set A O A of all products of elements of A is also well quasi-
ordered.

1This example was pointed out by G. Edgar.
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Note 8.20 The sum Zzio cxs® might belong to a space of transseries
defined over a larger, but still finite, number of generators. For instance,
if

1 1 e & L
= = 1) xle™* 8.21
ze® + 1 .T@m(l + xe—m) T JZ:%( ) xTr’e ( )

then the generators of (8.21) can be taken to be 27!, e™®

,xe” T but
certainly cannot stay e™®,x~! since then the power of 2~ would be
unbounded below.

In particular if f(u) := > po,cxp” is a formal series and s is a small
transseries, then
f(s) = cxs" (8.22)
k=0

is well defined.

Exercise 8.23 Show that f is continuous, in the sense that s/ — 0
implies f(s) — co.

T > Ty, T3 < Ty and Ty <« T then Ty + T3 > T5 + T,. Indeed,
mag(T} + T3)=mag(T1) and mag(T3 + Ty)=mag(T3).

It is easily checked that (1+s)-1/(1+ s) =1, where

LI > (=1)s7 (8.24)

Is 35

More generally we define

-1
(1+s)“:1+as+%+~-

Writing S = dom(S)(1 + s) we define S~! = dom(S) (1 + s)~L.

if " is defined for a real  (this will be the case for the power-exponential
transseries), then we then adjoin p” to G and define

T :=digi(1+s)"

If pj — u;- is a “derivation” defined from the generators p; into 7g,
where we assume that derivation is compatible with the relations be-
tween the generators, we can extend it by (g192) = g192 + 9195, 1’ =0
to the whole of G and by linearity to 7g,

/ n
(Z CkMk) =3 ph > kit "'M?rl (8.25)

kezn j=1  kezn
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and the latter sum is a well defined finite sum of transseries.
Ezxercise. Show that with these operations, Tg is a differential field.

If s is a small series, we define

sk

e =3 o (8.26)
k>0

FEzxercise. Show that e® has the usual properties with respect to multipli-
cation and differentiation.

Transseries are limits of finite sums. We let m € Z" and M, =
(p,p, ....,p) € N". Note that

T, =
P > dags = > dsgs
9=pr;m<k<M,;B3€Q BEQ

Indeed, it can be checked that d(7},,T) — 0 as p — occ.

More generally, let G be finitely generated and ko € Z. Assume s — 0
as k — o0o. Then, for any sequence of real numbers ¢y, the sequence

Z CkSk (8.27)

ko<k<M,,

where M, = (p, ...,p),p € N is Cauchy and the limit

lim Y s (8.28)

p—00
ko<k<M),,

is well defined. In particular, for a given transseries

Tas=)  desk (8.29)

we define the transcomposition

Tas= Y desk (8.30)
k>ko

As an example of transcomposition, we see that transseries are closed
under right pseudo-composition with large (not necessarily purely large)
transseries T =T;;1=1,2,...,n by

Ti(1/T)= > aT™* (8.31)

k>m
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if

T, = Z ckuk

k>m

(cf. 27) We should mention that at this level of abstractness pseudo-
composition may not behave as a composition, for instance it may not

be compatible with chain rule in differentiation.

Contractive operators Contractivity is usually defined in relation to
a metric, but given a topology, contractivity depends on the metric
while convergence does not. There is apparently no natural metric on

transseries.

Definition 8.32 Let first J be a linear operator from T4_ or from one

of its subspaces, to Ay,

JT=J Z CklUk = Z CkJ[J,k

k>m k>m

Then J is called asymptotically contractive on Am if

Ju; = Z CpHj+p

p>0

Remark 8.35 Contractivity depends on the set of generators.

Remark 8.36 It can be checked that contractivity holds if

Jui =Y cppirp(l+ )
p>0

where s; are small transseries.

Exercise 8.38 Check that for any p; we have

n—+p

sup Z JEps — 0
p>0k=n

as n — oQ.

We then have

JT =" Jme

k>m

(8.33)

(8.34)

(8.37)

(8.39)
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Definition 8.40 The linear or nonlinear operator J is (asymptotically)
contractive in the set A C Ay if J : A— A and the following condition
holds. Let Ty and Ty in A be arbitrary and let

Ty —Ty= Y cupi (8.41)
k>m
Then
J(T) = J(Tz) = > cetirerpyc (1 + s1) (8.42)
k>m

where px > 0 and sx are small.

Remark 8.43 The sum of asymptotically contractive operators is con-
tractive; the composition of contractive operators, whenever defined, is
contractive.

Theorem 8.44 (i) If J is linear and contractive on T4, then for any
Ty € Ta,, the fized point equation T = JT + Ty has a unique solution
T e TAm-

(i) In general, if A C Am is closed and J : A A is a (linear or non-
linear) contractive operator on A, then T = J(T') has a unique solution
is A.

PROOF For (ii) we define the sequence T),41 = J(T},) is convergent
since for some coeflicients c;x we have

JUT) = J(T) = Z CjkMk+gpi. — 0
k>m

as ¢ — oo. Uniqueness is immediate. I

When working with transseries we often encounter this fixed point prob-
lem in the form X =Y + AM(X), where Y is given, X is the unknown
Y is given, and N is “small”.

Ezercise. Show the existence of a unique inverse of (1+ s) where s is a
small transseries, by showing that the equation T = 1—sT is contractive.

For example O is contractive on transseries of level zero. This is clear
since in every monomial the power of & decreases by one. But note that
0 is not contractive anymore if we add “terms beyond all orders”, e.g.,
(e‘f’“'z)’ — e > e,
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We cannot expect any contractivity of d in general, since if y; is the
level zero solution of T'=1/x — T’ then T 4+ Ce™* is a solution for any
C so uniqueness fails.

This is one reason the WKB method works near irregular singularities,
where exponential behavior is likely, and naive approximations don’t.

We take the union

T =7

g

with the natural embeddings. It can be easily checked that 7 is a
differential field too. The topology is that of inductive limit, namely a
sequence of transseries converges if they all belong to some 7g and they
converge there.

One can check that algebraic operations, exponentiation, composition
with functions for which composition is defined, are continuous wherever
the functions are “C°°”.

Exercise 8.45 Let T € Ay. Show that the set {11 € Am|Th < T} is closed.

Ab
Ac

1.

General logarithmic-free transseries
Assumption on the inductive step

We have already constructed transseries of level zero. Transseries of any
level are constructed inductively, level by level.

Since we have already studied the properties of abstract multiseries, the
construction is relatively simple, all we have to do is essentially watch
for consistency of the definitions at each level.

Assume finitely generated transseries of level at most n have already
been constructed. We assume a number of properties, and then build
level n + 1 transseries and show that these properties are conserved.

(a) Transmonomials p; of order at most N are totally ordered, with
respect to two order relations, < and <. Multiplication is defined
on the transmonomials, it is commutative and compatible with the
order relations.

(b) For a set of n small transmonomials, a transseries of level at most
N is defined as expression of the form (8.6).
It follows that the set {g = ux|k > m} can be indexed by or-
dinals, and we can write the transseries in the form (8.9). The
decomposition 8.11 then applies.
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It also follows that two transseries are equal iff their corresponding
dg coincide.

The ordering relation on transseries of level N is defined as before,
T > 1 if, by definition g1 > 1 and T > 0 iff d; > 0.

Transseries of level at most IV are defined as the union of all 74,
where A, is as before.

(c) A transmonomial or order at most N is of the form z%e* where L
is a purely large or null transseries of level N —1, and e’ is defined
recursively. There are no transseries of level —1, so for N = 1 we
take L = 0.

Exercise. Show that any transmonomial is of the form x%e e -e
where L; are of order exactly j meaning that they are of order j
but not of lower order.

Ly ... oL

(d) For any transmonomial, (z%)" is defined as x%"e"* where the
ingredients have already been defined. It may be a adjoined to
the generators of G and then, as in the previous section, T is well

defined.

(e) By definition, 2% = ela® and xmeligo2elz = gputazelitlz,
Furthermore e®* > %2 for any a if L; > 0 is a purely large
transseries of level strictly higher than the level of Lo.

(f) There is a differentiation with the usual properties on the gener-
ators, compatible with the group structure and equivalences. We
have (z%%)" = ax® ol + 22 L el where L' is a (finitely generated)
transseries of level at most N — 1.

We define

T = Z Ck [(m_k“")'e_l"'6 + x_k‘o‘(e_Lﬂ)'} (8.46)
kEZm k>M

where, according to the definition of differentiation, (8.46) is a finite
sum of products of transseries of level at most .

We have T” = 0 iff T' = const. If dom(T1,2) # const.,then Ty < Th
implies T7 < Tj.

. It can be checked by induction that 7' > 0,7 > 1 implies 7" > 0. In
this sense, differentiation is compatible with the order relations.

. It can then be checked that differentiation has the usual properties.

. if ¢ is a constant, then e is a constant, the usual exponential of ¢, and
if L 4+ ¢+ s is the decomposition of a transseries of level N — 1 we write
eltets = elece® where e® is reexpanded according to formula (8.26) and
the result is a transseries of level N.
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We convene to write e, for any 7" transseries of level at most N only
in this reexpanded form.

Then it is always the case that e’ = Tyel2 where Ty and Lo are
transseries of level N — 1 and L is purely large or zero. The transseries
el is finitely generated, with generators e~X1 | if L; > 0 or e’* other-
wise, together with all the generators of L.

Sometimes it is convenient to adjoin to the generators of 7" all the gen-
erators in the exponents of the transmonomials in 7', and then the gen-
erators in exponents in the exponents of the transmonomials in T etc.
Of course, this process is finite, and we end up with a finite number of
generators, which we will call the complete set of generators of T.

This defines the exponential of any transseries of level at most N — 1
if L # 0 and the exponential of any transseries of level at most N if
L = 0. We can check that €' = T2 iff T} = T.

If all transseries of level N are written in the canonical form (8.9)
then 77 = Ty iff all gg at all levels have exactly the same coefficients.
Transseries, in this way, have a unique representation in a strong sense.

The space of transseries of level N, TV] is defined as the union of all
spaces of transseries over finitely generated groups of transmonomials

of level N.
T[N] = U TQN
(9N

with the inductive limit topology.

The abstract theory of transseries we have developed in the previous
section applies. In particular the definition 1/(1 —s) = >, s9 1T =
1/dom(T)(1 + s)~! and transseries of level N form a differential field
closed under the contractive mappings.

Note that transseries of order IV are closed under the contractive map-
ping principle.

Passing from step N to step N +1

. We now proceed in defining transseries of level at most N + 1. We have

to check that the construction preserves the properties in §Ac .

. For any purely large transseries of level N we define z%” to equal the

already defined transmonomial of order N. If L is a (finitely generated)
purely large transseries of level exactly N we define a new primitive
object, %, a transmonomial of order N + 1, with the properties

(a) ¥ =1.
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z%el = Ly,

—
Z

rreligpazole — partazlitLa

_~ o~
[oPe)
= =

If L > 0 is a purely large transseries of level exactly N then we
have e > 2 for any a.

Exercise. Show that if L1 and Ly are purely large transseries and
the level of Ly strictly exceeds the level of Lo, then et > z%el?
for any a.

Note that Ly £+ Ly may be of lower level but it is either purely large or
else zero; Ly Lo is purely large.

Note 8.47 At this stage, no meaning is given to e’, or even to e®; they
are treated as primitives. There are possibly many models of this con-
struction. We will interpret many of them later by finding an extended
isomorphism between a family of transseries and a set of functions. Then
e” would correspond to the usual exponential, convergent multiseries
will correspond to their sums etc. Finite generation would play a role
throughout that process, and “good” transseries come as solutions of
well defined classes of problems, with “coefficients® which are them-
selves “good” transseries. We will have (1 — 1/z)~! = > =7 but also
selected divergent series will have a meaning, e.g. €Y, n! Ja =
PV [* _t7'e'dt The latter transseries, and its associated sum solve
f'+ f=1/x. But it is not to be expected to have a summation process
that applies to all series.

. If @« > 0 and L is a positive transseries of level N we define a generator of
order N to be u = x~%~L. We choose a number of generators i1, ..., i,
and define the abelian multiplicative group generated by them, with the
multiplication rule just defined. We can check that G is a totally ordered,
of course finitely generated, abelian group, and that the order relation
is compatible with the group structure.

. We can now define transseries over G = GIN*1 as in §A.

. We define transseries of order N + 1 to be the union over all Tgin+1,
N+1]

with the natural embeddings. We denote these transseries by 7'l .

. Compatibility of differentiation with the order relation. We have already
assumed that this is the case for transseries of level at most N. (i) We
first show that it holds for transmonomials of level N+1. If L; — Lo is a
positive transseries, then (z%ef1)’ > (zbel2)’ follows directly from the
formula of differentiation, the fact that e1~%2 is large and the induction
hypothesis. If L; = Lo then a > b and the property follows from the
fact that L is either zero, or else L > x? for some 3 > 0 for some
positive 3 (check!).



238

10.

Asymptotics and Borel summability

(ii) For the general case we note that

/
D dong | = dauj
E 5

and pj < pj, if f1 > B2. Then dom(T) = (dom(T))" and the prop-
erty follows.

Differentiation is continuous. Indeed, if 71" — 0,

M = Z c{:l]xk‘aefk'l‘ —0 as m— oo
k>m

where the transseries Ly, ..., L,, are purely large, then

@y = 13 (- acmak e Kb L S (el kT

k>m k>m

and the rest follows from continuity of multiplication and the definition
of convergence.

Therefore, if a property of differentiation holds for finite sums of trans-
monomials, then it holds for transseries.

By direct calculation, if pq, uo are transmonomials of order N + 1 then
(uip2)'= pipe + paph. Then, one can check by usual induction, the
product rule holds for finite sums of transmonomials. Using 8 the prod-
uct rule follows for general transseries.

Ad .1 Composition

Composition to the right with a large (not necessarily purely large)
transseries T' of level m is defined as follows.

The power of a transseries T = x%e”(1+s) is defined by TP = z%ePL (1+
5)P, where the last expression is well defined and (TP)" = pT'TP~!
(check).

The exponential of a transseries is defined, inductively, in the following
way.

T=L+c+s= el =clee’ = Selee (8.48)
where S is given in (8.26).

A general exponential-free transseries of level zero has the form

Ty= ) ca® (8.49)

k>m
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where (v, ..., a,) € RT" for some n.

Then we take T = (T, ...,7%") and define To(1/T) by (8.31); To(1/T)
has level m. If the sum (8.49) contains finitely many terms, it is clear
that [To(1/T)] = T(1/T)T'. By continuity, this is true for a general
Ty of level zero.

Assume that composition with 7" has been defined for all transseries of
level N. It is assumed that this composition is a transseries of level
N +m. Then L(T) = Ly + ¢; + s1 (it is easily seen that L(T) is not
necessarily purely large). Then

(z%") o (T) := T%!T) = 2b(1 + 5, (T))e D) (8.50)

where Ly (T) is purely large. Since L; has level N +m, then (z%eL)o(T)
has level N +m + 1. We have (e£1)’ = Ljel* and the chain rule follows
by induction and from the sum and product rules.

Exercise 8.51 If T is a sequence of transseries, then eT™ is a not
necessarily a valid sequence of transseries. But if it is, then there is
an Lo such that L™ = Lg for all large n. If ™ s a sequence of

transseries and T — 0, then eI 1,

The exponential is continuous. This follows from the Exercise 8.51 and
Exercise 8.23.

Take now a general transseries of level N + 1 and write T' = x%% (1 + s)

t= Y a ke ! (8.52)

k>m

Then t(T) is well defined as the limit of the following finite sum with
generators x 12| g=%e=li(T) =lLi(T). 5 =1 . n:

HT) = Y arelede b4 g(T)) (8.53)
M,>k>m

The chain rule holds by continuity.
The general theory we developed in §A applies and guarantees that the
properties listed in §Ac hold (check!).

Ad .2 Small transseries as infinitesimals; expansions beyond
all orders

Let T be a transseries of level N over G and dx a small transseries with
dominance e % where L is a positive large transseries of level N + p,
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p > 0. Then (T'(x + dz) — T(x))/dx = T'(x) + s(T) where s(T) is a
small transseries of level N + p.

The proof is by induction on the level. By linearity and continuity it is
enough to prove the statement for transmonomials. We have

(m + dw)ae—Ll(Jc—&-dac) _ xa(l + dw/x)aeLl(ac)+L’1(:c)dx+s(L)

where Ldz is a small transseries (since Lye~% is small) and s(L;) is of
level N + p. The claim follows after reexpansion of the two terms in the
product. Note that dx must be far less than all terms in T'; dx < 1 is
not enough.

Exercise 8.54 Show that, under the same assumptions that

NN i
T(z + dz) = ; A >(gc)W (8.55)

In this sense, transseries behave like analytic functions.

Ad .3 An inequality helpful in WKB analysis.

Proposition 8.56 If L > 1 then L < (L')? (or, which is the same, L' <
L?).

PROOF If L = 2% where L; # 0 then L; is purely large, then the
dominance of L’ is of the form z’e’*, whereas the dominance of L is of the
form 2%e?Lt and the property is obvious. If L; = 0 the property is obvious as
well.

In WKB analysis this result is mostly used in the form (8.58 below.
Exercise 8.57 Show that if T > 1, T positive or negative, we have
dom[(e™)™] = dom[(T")"e"] (8.58)

Ae General logarithmic-free transseries

These are simply defined as

.= ™ (8.59)
NEN
with the natural embeddings.
The general theory we developed in §A applies to 7. as well. Since any
transseries belongs to some level, any finite number of them share some level.
There are no operations defined which involve infinitely many levels, because

they would involve infinitely many generators. Then, the properties listed in
§Ac hold in 7. (check!).
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Af Ecalle’s notation

e || —small transmonomial.

e [1 —large transmonomial.

e [1 —any transmonomial, large or small.
e Ll| —small transseries.

e [T]1 —large transseries.

e [T1 —any transseries, small or large.

Af .1 Further properties of transseries

Definition. The level I(T) of T'is n if T € T and T ¢ 711,

Af .2 Further properties of differentiation
We denote D = %

Corollary 8.60 We have DT =0 <= T = Const.

PROOF We have to show that if T =L +s# 0then T/ £ 0. If L #£0
then for some 3 > 0 we have L+ s> 2% + s and then L' +s' > 2771 £ 0. If
instead L = 0 then (1/T) = L; + s1 + ¢ and we see that (L 4+ s1)" = 0 which,
by the above, implies L1 = 0 which gives 1/s = s1, a contradiction.

Proposition 8.61 Assume T'=L orT = s. Then:
(i) If I(mag(T)) > 1 then I(mag(T~1T")) < I(mag(T)).
(i) dom(T") = dom(T) (1 + s).

PROOF Straightforward induction. I

Af .3 Transseries with complex coefficients

Complex transseries 7¢ are constructed in a similar way as real transseries,
replacing everywhere Ly > Lg by RL; > RLy. Thus there is only one order
relation in 7¢, >. Difficulties arise when exponentiating transseries whose
dominant term is imaginary. Operations with complex transseries are then
limited. We will only use complex transseries in contexts that will prevent
these difficulties.

Af .4 Differential systems in 7.

The theory of differential equations in 7 is similar in many ways to the
corresponding theory for functions.
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Ezxample. The general solution of the differential equation

[+ f=1/x (8.62)

in 7, (for z — +o0) is T(z;C) = Y oy kla™" + Ce™ = T(z;0) + Ce™".
The particular solution T'(z;0) is the unique solution of the equation f =
1/2— Df which is manifestly contractive in the space of level zero transseries.

Indeed, the fact that T'(x;C) is a solution follows immediately from the
definition of the operations in 7, and the fact that e™* is a solution of the
homogeneous equation.

To show uniqueness, assume 7T satisfies (8.62). Then Tp = Ty — T'(z;0) is
a solution of DT + T = 0. Then Ty = T satisfies D15 = 0 i.e., To = Const.

Ag The space 7 of general transseries

We define
log,, () = loglog ... log(z) (8.63)
exp,,(z) = expexp...exp(x) (8.64)
T e
(8.65)

with the convention exp,(z) = logy(z) = «.
We write exp(logx) = z and then any log-free transseries can be written as
T(x) = T o exp,,(log,,(z)). This defines right composition with log,, in this
trivial case, as Ty o log,,(x)) = (T o exp,,) o log,,(z) := T'(x).

More generally, we define 7, the space of general transseries , as a set of
formal compositions

T={Tolog,:TeT}

with the algebraic operations and inequalities (symbolized below by ®) inher-

ited from ’? by

(Ty olog,) ® (Ta olog,, ) = [(Th o expy) ® T3] olog,, ;4. (8.66)

and using (8.66), differentiation is defined by

n—1
D(T olog,) =~ [(H log,) ! | (DT) o log,
k=1
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Proposition 8.67 7 is an ordered differential field, closed under restricted
composition.

PROOF Exercise. I

The logarithm of a transseries. This is defined by first considering the case
when T € 7. and then taking right composition with iterated logs.
If T = cmag(T)(1 + s) = cx®el(1 + s) then we define

log(T') = log(mag(T))+log c+log(1+4s) = alog z+L+log c+log(1+s) (8.68)

where log ¢ is the usual log, log(1 + s) is defined by expansion which we know
is well defined on small transseries.

1. If L > 1 is large, then log L > 1 and if s < 1, then logs > 1.

Ag .1 Restricted composition

Proposition 8.69 7 is closed under integration.

PROOF  The idea behind the construction of D! is the following: we
first find an invertible operator J which is to leading order D~!; then the
equation for the correction will be contractive. Let T' =}, -, pk olog,,. To
unify the treatment, it is convenient to use the identity

/ T(s)ds = /1 ()(Toexpn o) @) [ exp;t)dt = / Ty (t)dt

j<n+1 10gn,+2(1)

where the last integrand, T3 () is a log-free transseries and moreover

T1(t) — § : Ck,ulfl ”.’uﬁf — § cke—lel—.~-—kMLM
k>ko k>ko

The case k = 0 is trivial and it thus suffices to find ~'e*’, where n = [(L) >
1 where L > 0. We analyse the case 0~ 'e*’, the other one being similar.
Then L > 2™ for any m and thus also L > x™ for all m. Therefore, since
de~t = —(0L)e~ T we expect that dom(9~te=1) = —(OL)"te~ and we look

for a A so that
oL

Ry — )
9" "e 3L (1+A4A) (8.70)
Then A should satisfy the equation
’L 2L
A-_OL OL + (0L)'oA (8.71)

(oL)*  (9L)?

Since s; = 1/L’ and sy = L /(L’)? are small, by Lemma 8.12, there is a set
of generators in which all the magnitudes of s1 5 are of the form p* with k > 0.
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By Proposition 8.56 and Exercise 8.45, (8.71) is contractive and has a unique
solution in the space of transseries with the complete set of generators of L
and 7! and A < L and the generators constructed above. For the last term,
note that if A = Y c,e L and L = X1 | then A'/L' = Y ¢, L/ e twe 1
and L' el = p, < 1. .

1. Since the equation is contractive, it follows that mag(A) = mag(L"/L"?).

In the following we also use the notation 07 = T’ and we write P for the
antiderivative 9! constructed above.

Proposition 8.72 P is an antiderivative without constant terms, i.e,

PT =L +s

PROOF This follows from the fact that Pe~’ < 1 while P(e¥) is purely
large, since all small terms are of lower level. Check!

Proposition 8.73 We have
P(Ty +Ts) = PTy + Py
(PT) =T; PT' =T
P(T'Ty) = (T Ta)g — P(T1T3)
Ty > Ty, = PTy > PTs
T>0andT>»1 = PT >0
(8.74)

where

T = Z ck,uk = I;= Z Ck,uk
k>ko k>ko;k#0

PROOF Exercise. I

There exists only one P with the properties (8.74), for any two would differ
by a constant.

Remark 8.75 Let sg € T. The operators defined by

J1(T) = P(e~*(Const. + s0)T(x)) (8.76)
Jo(T) = e a7 P(z 227 eT®(Const. + s0)T(x)) (8.77)

are contractive on T .
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PROOF For (8.76) it is enough to show contractivity of P(e~*-). If we
assume the contrary, that 77 &« Te™* it follows that logT % 1. We know
that if log T is small then mag(T") = ¢, ¢ constant. But if mag(7T) = ¢ then
the property is immediate. The proof of (8.76) is very similar. .

B The C*—algebra D), ,

Let D be the space of test functions (compactly supported C'*° functions on
(0,00)) and D(0, z) be the test functions on (0, z).
We say that f € D’ is a staircase distribution if for any k£ =0, 1,2, ... there

is an L' function on [0, k+ 1] so that f = F,Ekm) (in the sense of distributions)
when restricted to D(0,k + 1) or

F =P fcLi(0,k+1) (8.78)

(since f € L}, [0,1—¢] and Pf is well defined, [20]). With this choice we have

Fiy1 = P™Fy on [0,k] and F7)(0) = 0 for j < mk —1 (8.79)

We denote these distributions by D;,, (D, (0, k) respectively, when restricted
to D(0, k)) and observe that ( J,,-, D;, O S’, the distributions of slow growth.
The inclusion is strict since any element of S’ is of finite order.

Let f € L'. Taking F = P/f € 7 we have, by integration by parts and
noting that the boundary terms vanish,

(FeP)p) = [ FOFG-s)ds= [ FO@PEE-s) (550

so that F « F € C% and

(F«F)2) = fuf (8.81)
This motivates the following definition: for f, f € D), let
[ f = (F* F) ™ in D0,k +1) (8.82)
We first check that the definition is consistent in the sense that

(Fk+1 * Fk+1)(2m(k+1)) = (Fk % Fk:)(QMk)
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on D(0,k+1). For p < k+ 1 integrating by parts and using (8.79) we obtain

d2m(k+1)
dp27n(k+1)

dek

P
2m 1 _
/0 Fr(s)P Fk(p—s)ds—m

/OP Fi.(s)Fi(p — 5)ds(8.83)
(8.84)

The same argument shows that the definition is compatible with the embed-

ding of D}, in D, with m’ > m. Convolution is commutative and associative:

with f,g,h € D!, and identifying (f * g) and h by the natural inclusion with

elements in D}, we obtain (f * g) * h = ((F * G) x H)*™F) = f x (g% h).
The following staircase decomposition exists in DJ,.

Lemma 8.85 . For cach f € D;, there is a unique sequence {A;};_ ;  such
that A; € LNR™), Aj = AjXji 41 and

F=5"am (8.86)
1=0
Also (cf. (8.79)),
Fy =Y _P™0A; on [0,i+ 1) (8.87)
j<i

Note that the infinite sum is D’—convergent since for a given test function
only a finite number of distributions are nonzero.

Proof
We start by showing (8.87). For i = 0 we take Ay = Fyx|[0, 1] (where FyX[0, 1]
=0 fol Fo(s)o(s)ds). Assuming (8.87) holds for i < n we simply note that

Ap = Xy | Fn— Z prn=iA;
j<n—1
= X[0,n+1] (Fn - Pm(anlX[o,n]D = Xn,n+1] (Fn - ,Pm(Fn*1X[O,n])>
(8.88)

(With X[, o) £ defined in the same way as Fyx[0, 1] above) has, by the induc-
tion hypothesis and (8.79) the required properties. Relation (8.86) is immedi-
ate. It remains to show uniqueness. Assuming (8.86) holds for the sequences

A;, A; and restricting f to D(0,1) we see that Ay = Ag. Assuming A; = A,
for i < n we then have AJ™ = A" on D(0,n + 1). It follows ([20]) that
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Ay (z) = A, (z)+ P(x) on [0, n+1) where P is a polynomial (of degree < mn).

Since by definition A, (z) = A, (z) =0 for z < n we have A, = A, (z). O

The expression (8.82) hints to decrease in regularity, but this is not the

case. In fact, we check that the regularity of convolution is not worse than
that of its arguments.

Remark 8.89
(%) :Dp =Dy (8.90)
Since
Xiap) * Xja/,br] = (X[a,b] * X[a’,b’]) Xlata’,b+b'] (8.91)
we have

FxF = Z fpm(ifj)Aj % me(ifk)Ak — Z A, rpm(2ifj—k)Ak
J+k<|p] j+k<|p]

(8.92)
which is manifestly in C?™=mU+k) [0, p) c C2™i=mLel0, p).
O
B .2 Norms on D),
For f € D), define
1Fllvm = em D v ™ 1Al (8.93)

=0

(the constant c¢,,,, immaterial for the moment, is defined in (8.106). When
no confusion is possible we will simply write ||f||, for ||f|l,.m and ||A][, for
|Aillz1 (no other norm is used for the A’s). Let D', be the distributions
in D), such that || f]], < oco.

Remark 8.94 |- ||, is a norm on D'y, .

If | f]l. = 0 for all 4, then A; = 0 whence f = 0. In view of Lemma 8.85 we
have ||0]], = 0. All the other properties are immediate.

Remark 8.95 D', , is a Banach space. The topology given by ||-||, on D'm.,
is stronger than the topology inherited from D’.
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Proof. 1f we let Dy, ,(k,k 4 1) be the subset of D', , where all A; = 0
except for ¢ = k, with the norm (8.93), we have

D' =P D,k k+1) (8.96)
k=0
and we only need to check completeness of each Dy, ,(k, %k + 1) which is im-
mediate: on L'[k,k + 1], || - ||, is equivalent to the usual L' norm and thus
if f. € Dy, (k k+ 1) is a Cauchy sequence then Ay, N (whence weak
D,/m)l/(k,k-Fl) (mk)
convergence) and fj, — f where f= A", O

Lemma 8.97 The space D'y, ., is a C* algebra with respect to convolution.

Proof. Let f, f € D, , with

I SYNCEIN I o N
] =0

i=0
Then - - o
Frfo 3T AL AU 3 (Ai*Aj)m(m) (8.98)
i,j=0 1,5=0

and the support of Ai*Aj isin [i+j,i+j+2] i.e. Ai*Aj = X[i+j,i+j+2]Ai*Aj'
< \m(itd)
We first evaluate the norm in Dj, , of the terms (Ai * Aj) .
I. Decomposition formula. Let f = F("*) ¢ D'(R,), where F € L*(R.),
and [ is supported in [k, k + 2] L.e., F'= X[, yyoF (k > 0). Then f € Dy,
and the decomposition of f (cf. (8.86)) has the terms:

and

Apyn = X[k+n,k+n+1]Gm where G,, = P™ (X[k+n,w)Gn,1) , Go=F
(8.100)
Proof of Decomposition Formula. We use first line of (2.98) of the paper

j—1
Aj = X1 <Fj - ZPM(J_’)Az) (8.101)

=0

where, in our case, Fy, = F, Fyy1 =P™F, ..., Fyy, = P™"F, ...
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The relations (8.99) follow directly from (8.101). Formula (8.100) is shown
by induction on n. For n = 1 we have

Apyr = X[k+1,k+2] (P™F —P™Ay)

= X+ 15421 P (X[k,oo)F - X[k,k+1}F> = Xppt1,642) P (X[k+1,oo)F)

Assume (8.100) holds for Ay, j < n—1. Using (8.101), with X = X440 g+n+1)
we have

n—1

Apin =X (Pm”F - 73’”("%1-) = XP™ (Gpo1 — Dp_1)

i=k

=XP" (X[k+n_1,oo)Gn*1 B X[k+n—1,k+n]G”*1) = XP" (X[H"W)G"*l) -
II. Estimating Ay,,. For f as in I, we have
Acstlle < ™IFll 5 [[Bksally < =2 Fl, (8.102)

and, for n > 3

1
(nm — 1)!|

1 Aksnlly < (0 — 1) 7l (8.103)

Proof of estimates of Agqn.
(A) Case n = 1.

k+2
1ally < [ dte P (X 1) (0
k+1

k42 t S1 Sm—1

:/ dte_”t/ dsl/ dSQ.../ dsm|F (8m)]
k+1 k+1 k+1 k+1
k+2 %) %) [e%s)

g/ dsm\F(sm)|/ dsm,l.../ dsl/ dte "
k+1 Sm So S1

k+2
:/ | F(sm)le™""m ™™ < v=™||F||,  (8.104)
k+1

(B) Case n = 2:

k+3
1A mg/ dt e P™ (XieraoeP™ (Xposroo) P
+1 - ( [k+2,00) ( [k+1,00) ))
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k+3 t t1 tim—1 tm s1 Sm—1

:/ dte_”t/ dtl/ dtg.../ dtm/ dsl/ dsz.../ dsm|F(sm)|
k+2 k42 k+2 k42 k41 k+1 k+1
k+3 o) %) %) %) o)

§/ dsm|F(sm)|/ dsm,l.../ dsl/ dtm/ dtm,l.../ dte "t
k+2 Sm So max{si,k+2} t t1

m

k+3 o) o)
:/ dsm|F(sm)| dsm,l.../ dsqe v max{si,k+2},, —m—1
k+2 Sm S2

k+3 o) (o) k+3
§/ dsm|F(sm)| / dSm—1 / dsye V52~ M2 :/ A8 |F(5,,) e Smy—2m
k+2 S S3 k+2

(C) Case n > 3. We first estimate Ga, ..., Gy:

G2 < P™ (X200 P™ (X100 F1) ) ()

t t1 tm—1 tm s1 Sm—1
= / dtl / dtQ / dtm / d81 / dSQ / d8m|F(Sm>‘
k+2 k+2 k+2 k+1 k+1 k+1

and using the inequality
|F (sm)| = [F(sm) X g 21 (5m) < |F(sp,)|e"v5merk+2)

we get

t t1 tm—1 tm S1 Sm—2
Go(t)] < e"*F2) 7|, dtl/ dtQ.../ dtm/ dsl/ dSQ.../ dSm—1
k+1 k+1 k+1 k+1 k+1 k+1

1

— ey(k—i—?)HFHV(t — k= 1)2m—1 (2m — 1)'

The estimate of G2 is used for bounding Gj:

Gs(t)] < P™ (X[k+3,oo)|G2|) <P" (X[k+1,oo)|G2|)

y _ 1
<e (k+2)HFHV(t_ k— 1)3m 1m

and similarly (by induction)

1

< v(k+2) F _ -1 nm—1
Gul0)] < [Pl e — k=1
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Then
k42 1 Fantt t 1
18cealle <SP [ dre -k =1y
'Jian

and, for v > m the integrand is decreasing, and the inequality (8.103) follows.
III. Final Estimate. Let 1y > m be fixed. For f as in I, we have for any

v > 1,
If1l < em™™ | F ], (8.105)

for some ¢, if v > vy > m.
Proof of Final Estimate

(n _ 1)nm—1

_ etk k 2v—nv
1= D2 8l < A7 E {343 v e

n>0 n>3

and, using n — 1 < (mn — 1)/m and a crude Stirling estimate we obtain

1711 < AE |8+ me? = 37 (e ™ /m™)" | < cur™™|F]l, (8.106)

n>3

Thus (8.105) is proven for v > vy > m.
End of the proof. From (8.98) and (8.105) we get

- s =\ m(it))
1Al 3 1 (ace A)™)

,j=0

< > ™A Ayl < e D v DAL 1Ay = I

i,7=0 i,7=0

O

Remark 8.107 Let f € D,,, for some v > vy where vj* = e*°. Then
feD ., forall v >v and furthermore,

m,v’

I£1l, 10 as v 1 oo (8.108)
Proof. We have

k+1 1
ymh / Ag(s)e="*ds = (v™me")F / |Ar(s + k)e~"*ds  (8.109)
k 0

which is decreasing in v. The rest follows from the monotone convergence
theorem. O
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B .3 Embedding of L} in D/,

Lemma 8.110 i) Let f € L}, (c¢f. Remark 8.107). Then f € D, , for all
vV >1.
ii) D(RT\N) N LL(RT) is dense in Dy, ,, with respect to the norm |||, .

Proof.
Note that if for some vy we have f € L] (R") then

P P
[ irlas <o [Cifele s <o, s
0 0

to which, application of P*~1 yields

PHIFL< v e flluy (8.112)

AlS0, PX(00)€”" < 07 X [,00)€"°P 50 that

P Xn,00)€"" <107 " X [n,00) 8" (8.113)

so that, by (8.88) (where now [, and X[, . Fn are in L},.(0,n+1)) we have
forn > 1,

|An| < Hf”uoeyop’/ol_mnX[ (8.114)

n,n+1]

Let now v be large enough. We have

o %) o n+1 v p
Z an/ ‘An|efupdp < VO”fHuo Z / e*(uiuo)p (VO) dp
n=2 0 n=2v"

e—2(v—vo—In(v/v9))

T - 1n(y/yo)l’0||f||u0 (8.115)

For n = 0 we simply have ||Ao|| < [|f||, while for n =1 we write

1AL < =D s £l < o™ L (8.116)

Combining the estimates above, the proof of (i) is complete. To show (ii),
let f € Dj,, and let k. be such that ¢, > ;= v"™|A], < e. For each

1 < ke we take a function §; in D(i,i + 1) such that ||§; — A;]|, < €27¢. Then
1f =t 0 Nl < 2e. -

Proof of continuity of f(p) — pf(p). If f(p) = > rep A,gmk) then pf =

SR o (pAR) =3 mEP(A™)= Y o (pA™) L7 (mk )8,
The rest is obvious from continuity of convolution, the embedding shown
above and the definition of the norms.
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C Useful formulas

A straightforward computation shows that

i = p"—l or ) = M
. (m") = Ty & AP = (8.117)

plxp" = Plg+DI(r+1) g+r+1
T(g+7r+2)

(8.118)

Also, with f12(p) :=p+— H(p — k1,2)91,2(p — k1,2) we have

(£ie o) 0) =M~ ki~ ko) (92 %02) 0~ by ko) (8.129)

D Appendix

Maple 11 iteration to find the first few terms in the asymptotic series solu-
tion of ¥/ +y = 27! + 3 + 2y’ as © — oo; “%” is Maple shortcut for “the
previous expression”. The input line following Eq. (4) is copied and pasted
without change. In practice one would instead return to the line after Eq. (4)
and re-run it as many times as needed. Of course, a do loop can be easily
implemented, but there is no point in that unless a very high number of terms
is needed.
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d1:=y(x) = =(diff(y(x), X))+1/x+y(x)"3+x*y(x)"5;
dh:wm:-[ﬂ>wmj+i+yuﬁ+xwm5

1)

(2

3

“@

(5)

(6)

()

)

dx
> rs:=rhs(dl);
. d . 1 3 5
rs.:—[—y(x) + = +y(x)” +xy(x)
dx X
> subs(y(x)=0,rs):asympt(%,x,8);
1
X
> subs(y(x)=%,rs):asympt(%,X,8):sort(%,Xx);
1 1 1 1
-+ =+ =+
x X XY N
> subs(y(x)=%,rs):asympt(%,x,8): sort(%,x);
1 1 3 7 15 | 25 1
—++=+—+—=+—"+0| =
X ¥ X X o X ( X j
> subs(y(x)=%,rs):asympt(%,x,8): sort(%,Xx);
1 1 3 13 | 45 | 140 1
4 S+ S+ "+ =+ —F +0| =
x 2 e G NG ( N ]
> subs(y(x)=%,rs):asympt(%,x,8): sort(%,x);
1 1 3 13, 69 | 308 1
- ++S+—+—=+— +0| =
x XX X ¥ X ( X ]
> subs(y(x)=%,rs):asympt(%,x,8): sort(%,X);
1 1 3 13 | 69 | 428 1
R et M el S O] e
o2 e G NG ( N ]
> subs(y(x)=%,rs):asympt(%,x,8): sort(%,x);
1 1 3 13 , 69 | 428 1
—+—2+—3+X—4+F+?+0(?]
>
FIGURE 8.1: Maple 11 output in solving ' +y = =~ ' + ¢ + 29° by

asymptotic power series.
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